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SUMMARY AND CONCLUSIONS 
In the first phase of this program (section I of this report), 
a survey was carried out on the intrinsic activity of the transition 
metals; selected transition metal alloys and intermetallic compounds; 
and transition metal carbides, nitrides, borides and suicides for the 
electrochemical reduction of oxygen. Subsequently, a more detailed 
study was made of materials shown to be of interest in the initial 
survey. These included (section II) gold alloys of the precious metals, 
intermetallic compounds of gold and titanium, nonstoichiometric Ti02, 
silver magnesium alloys, Os and Pt/Os alloys, silicon carbide and 
barium tantalate. Measurements made on finely divided interstitial 
compounds of group VIII metals prepared by the Bureau of Mines are 
described in section III. 
SECTION I 
A summary of the data obtained in the survey is presented in 
Table II (pages 12-20); the principal conclusions to be made from it 
are as follows: 
A. The Elements 
The activity for the reduction of 02 was Pt Os Pd > Au 
Ag > Mn > C. Of the remaining elements Fe, Re, Ir, and Rh were 
active below +675 my; Ni, Ti, and Cu were active below +360 m y on 
the DHE scale. 
Metals most active for oxygen reduction were generally those with 
easily reduced surface oxides. The principal exception was manganese: 
A substantial 02 reduction current was observed on Mn02 at about +900 my. 
B. Alloys and Intermetallic Compounds of Transition Metals 
The materials examined were alloys of transition metals. They 
are discussed under four groupings, alloys of (1) platinum, (2) nickel, 
(3) Ti, Zr, Hf, and (4) Ta.
iv
.1. Platinum Alloys 
Alloys of platinum with base metals were generally 
less active than platinum, although a number of alloys equalled 
platinum in activity, e. g. Pt2Ta and PtMn. 
Alloys of platinum with metals that corroded in the pure state 
often developed a roughened or etched surface. However, the extent 
of corrosion was far less than that for the pure, base metal. For 
example, Pt2Nb corroded at a substantially smaller rate than Nb; 
similarly, Pt3Co did not form the surface oxides found with pure cobalt. 
Alloys showing corrosion (e. g. PtNb) may show a high apparent activity 
because of surface roughening. 
2. Nickel Alloys 
Of the nickel-based metal alloys studied, only those with 
manganese and cobalt were significantly active for the reduction of S	 In the former system the activity is associated with manganese. The 
activity of NiCo2 is probably due to the formation of a surface layer of 
nickel-cobalt spinel. The activity is enhanced by holding the starting 
potential above + 1200 m y , where Co +3 is formed. Apparently Co+3 is 
reduced to Co +2 below +750 my and the activity noted above this potential 
disappears below +750 m y. Returning the electrode to high potentials 
restores its performance. This effect was not observed for pure cobalt 
due to excessive corrosion current. 
One of the more interesting characteristics of nickel alloys is 
the effectiveness of nickel in suppressing corrosion of the alloyed consti-
tuents. These effects were observed for alloys of at least 50 wt To nickel 
and either Mn, Co, Al, Nb, or Mo. 
3. Titanium, Zirconium, and Hafnium Alloys 
The corrosion behavior of these alloys was similar to that 
of nickel. No pronounced enhancement of 02 activity was noted for alloys 
containing base metals. In fact, the small amount of activity associated 
0	 with nickel was inhibited in Zr 2Ni and suppressed in TiNi3. 
VA
.The activity of TiPt3 was less than that of platinum, while Ti3Au 
was more active for the reduction of 0 than gold, being comparable to 
platinum. The surface area of Ti3Au increased with time, apparently 
yielding a surface having a higher Ti/Au ratio than the bulk material had. 
In spite of the higher surface concentration of nonnoble metal, activity 
of the sample also increased. ZrAu3 , richer in gold than is Ti3Au, 
showed a lower activity than gold itself and a stable surface. (See also 
section II. )
4. Tantalum Alloys 
The performance of alloys of tantalum showed very little 
interaction between the metals; i. e. the corrosion and 
°2 activity were 
approximately that expected from a mixture of the pure metals. TaPt2 
and TaPd3
 are essentially as active as platinum and palladium, respectively. 
C. Carbides and Nitrides of the Transition Metals 
0.
	
	
The carbides and nitrides showed, in general, greater activity 
than the parent metal; even when the metal itself was inert (e. g. Zr, 
Hf, TaCr) the, carbide showed some activity for 0 reduction. The 
highest activities were observed for TiN, VC, Fe 2C, Ni 3C. The latter 
two materials are discussed in detail in section III. 
D. Borides and Silicides of the Transition Metals 
The borides and suicides were characterized by rapid corrosion 
at 02 reduction potentials. Exceptions were Ni 2B and Ni3B, which 
experienced slight corrosion, and Pt 2B, which was resistant. The 
activities of these three materials were no greater than those of the 
parent metals. 
.
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.SECTION II
A. Gold Alloys of Ag, Pd, and Pt 
The rate of oxygen reduction was measured on gold, platinum, 
palladium and silver, and the alloys Au/Pd, Au/Pt, and Au/Ag at 1070 
increments of composition. The activity of the Au/Ag alloys decreased 
progressively as the silver content was increased. The Au/Pt alloys 
showed an almost constant activity over the whole composition range; 
the Au/Pd alloys, however, showed a broad maximum of activity (i. e. 
greater than that of the Au/Pt alloys) over the composition range. The 
order of activity was Au/Pd > Au/Pt > Au/Ag. For the 1:1 alloys the 
following potentials (E 50) were recorded at i = 50 
Au/Pd - 926 my, Au/Pt - 878 my, Au/Ag - 856 my, all vs. RHE. An 
interesting feature of the results is that at 25°C palladium (E 50 = 922 my 
vs. RHE) is more active than Pt (E50 = 880 my vs. RHE). At 75°C 
these figures were 915 m y for Pd and 903 my for Pt. In other words 
Sat 75°C and 50 jia/cm2 Pd was more active (12 my less polarization) 
than Pt.
B. Titanium, Nonstoichiometric Ti02 and Gold Alloys of Titanium 
The initial survey on solid electrodes showed Ti 3Au to have an 
activity comparable to platinum. In finely divided form the TI 3Au inter-
metallic corroded rapidly and subsequently demonstrated low activity 
probably due to the formation of Ti0 2. Two approaches were adopted 
in an attempt to take advantage of the activity displayed by titanium gold 
intermetallics. One was a more extensive study to understand the electro-
chemistry of titanium and Ti0 2 better, particularly in its nonstoichiometric 
form which has an electronic conductivity several orders of magnitude 
greater, than the stoichiometric form. The second approach was to look 
at other alloys of titanium and gold. The studies of titanium and non-
stoichiometric Ti02 showed that thin films of the nonstoichiometric oxide 
on titanium will cathodically reduce 
°2 at potentials of 550 my, 200 my, 
.
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.more positive than on the passive stoichiometric Ti0 2 film normally 
formed. Measurements on single crystals of nonstoichiometric Ti02 
showed that the nonstoichiometric forms of reasonable conductivity 
(e. g. Ti01 8 are stable (i. e. they do not revert to Ti02 stoichiometry) 
under the experimental conditions of oxygen reduction. However, titanium 
powder oxidized under conditions that should give rise to a nonstoichio-
metric oxide produced on electrode of high ohmic resistance and negligible 
activity.
The other alloys of titanium examined were TiAu (E 1 = 745 my 
vs. RHE), TiAu2 (E1 = 725 my vs. RHE), Ti(Rh 1 5 Au 1 5) 2(E 1 = 825 my 
vs. RHE), and TiPt (E 1 = 820 my vs. RHE). The E 1 value for Ti Auwas 
'	 2	 -	 2 
810 my vs. RHE. The corrosion resistance of these materials was superior 
to Ti3Au, particularly TiAu which showed no anodic current under N 2 and 
no surface roughening during the experimental measurements. 
C. Silver Magnesium Alloys 
The enhanced intrinsic activity claimed in the literature for Ag 1. 5570 
Mg alloys compared with pure Ag was not confirmed. The higher activity 
that we measured for the alloy was directly related to an increase in 
surface roughness. 
D. Os and Pt/Os Alloys 
Initial measurements indicating an activity for 02 reduction on Os 
greater than that of Pt were not reproduced for either pure Os metal or a 
Pt/Os alloy. The activity was essentially the same as that of Pt. 
E. Silicon Carbide Single Crystals 
The 6H-oz silicon carbide single crystal is of interest since opposite 
faces are monatomic and present either silicon or carbon atoms on polishing. 
The behavior of these faces would be expected to be similar or different, 
depending on the relative importance of continuum or atomic properties in 
the catalytic activity of this crystal. The two surfaces behave differently. 
•	 Notably the first reduction current observed on the carbon side occurs at 
525 my vs. RHE and on the silicon side at 375 my , suggesting that continuum 
factors are not dominant in this case. 
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F. Barium Tantalate 
BaTaO3 mounted in gold was tested for 0 reduction activity. The 
results were indistinguishable from those of pure gold. 
SECTION III 
Interstitial compounds of Fe, Ni and Co in finely divided form 
were prepared by the Bureau of Mines. These were made up as plastic 
bonded electrodes and tested at Tyco in 3570
 KOH at 70°C for activity as 02 
fuel cell electrodes. The activity observed is summarized in Table XVI 
(page 129). The best performances observed in terms of current at 600 my 
were iron carbide - 32 ma/cm 2 , iron nitrocarbide - 68 ma/cm 2 , iron 
carbonitride - 3 ma/cm 2 , nickel carbide - 94 ma/cm 2 , nickel cobalt 
carbide - 125 ma/cm 2 , nickel nitrocarbide - 68 ma/cm 2 , and nickel 
cobalt nitrocarbide - 49 ma/cm 2. Of the nickel cobalt materials the 
pattern of activity was 3 Ni/Co > Ni/Co > Ni/3 Co. All the cobalt 
carbide samples tested corroded rapidly. The level of activity of nickel 
carbide did not compare favorably with samples of nickel carbide (290 
ma/cm 2) and nickel cobalt carbide (350 ma/cm 2) prepared by acetate 
decomposition in the laboratory. The most likely explanation for this 
difference is variation in the physical characteristics, particularly the 
porosity of the catalyst. Carbides and nitrocarbides of Raney alloys of 
nickel and cobalt with silver, gold and palladium showed greater activity 
(up to 180 ma/cm 2), but this was generally less than that observed for the 
uncarbided alloy; e. g. NiAuPd which gave a current of 315 ma/cm 2
 at 
750 my.
The level of activity observed with the interstitial compounds of 
iron and nickel prepared by the Burear of Mines (excluding those containing 
a precious metal) does not yet meet the requirements of a practical fuel 
cell catalyst. Nickel and nickel/cobalt carbides have demonstrated high 
activity, but reproducibility in terms of good electrode performance was 
not aiwasy obtained. If high activity nickel carbide catalysts could be 
. 
.
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prepared consistently and with reasonable electrode life, these materials 
would constitute catalysts of practical interest even though their per-
formance is some 100 my below that of platinum. 
.
x
SECTION 1 
SURVEY OF THE INTRINSIC ACTIVITY

OF CATALYSTS FOR THE

CATHODIC REDUCTION OF OXYGEN
(SOLID ELECTRODES) 
I. INTRODUCTION 
The selection of alloys for experimental investigation as electro-
catalysts for oxygen reduction must be carried out in a systematic way. 
Random selection is a questionable procedure, since the number of 
possible systems is extremely large. For example, even if one restricts 
the choice to about 30 transition metals that are generally good catalysts, 
there are about 400 binary systems, 4, 000 ternary systems, 28,000 
quaternary systems, and so on, for a total of about a hundred million 
systems. If we consider that, in addition, there are distinct intermetallics 
and that even solid solutions of different concentration may have qualitatively 
different properties, it is clear that in the available time we can study only 
a tiny fraction of the possible compositions. 
The intrinsic factor which determines the reactivity of an oxygen 
electrode is its atomic composition and the subordinate crystal structure. 
The composition ultimately determines both the desirable properties (viz. 
electrocatalytic activity for reduction of oxygen) and the undesirable pro-
perties (viz, corrosion or other time-dependent failure mechanisms which 
limit the efficiency or life of the electrode). The electrode activity may be 
an inherent characteristic of the pure electrode surface, or it may be con-
ditioned.by reactions with the electrolyte, e. g. through specific adsorption 
or ions.
Previous work on catalysts has been treated within a theoretical 
framework based on a consideration of two extreme points of view concerning 
the source of surface activity. According to one view (which can be called 
.
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.the "atomic approach"), the reactivity is determined by the intrinsic 
chemical properties of the individual surface atoms and is only slightly 
influenced by the neighboring atoms in the crystal bulk. The other 
extreme view (which can be called the "continuum approach") is that 
reactivity is determined primarily by the electronic energy states of the 
material as a whole, with the specific atomic chemistry being secondary. 
This approach has been used extensively to interpret chemisorption and 
catalysts on transition metal alloys where the surface activity has been 
correlated with d-band occupancy. 
The oxygen reaction is admittedly a more complex process, the 
mechanism of which (i. e. the precise sequence and relative rates of the 
various elementary steps) still remains unresolved ( '). However, there 
is ample evidence for the existence of a special kind of oxygen-metal 
interaction during the electrolytic reduction of oxygen, even if knowledge 
of the precise nature of this interaction is scanty. 
•
	
	 There is also little doubt that the disruption of the oxygen-to-oxygen 
bond is the slowest step in the over-all process and that hydrogen peroxide 
appears as an intermediate or by-product during reduction in alkaline 
solutions . Without going into the details of the reaction, we can thus 
safely assume that (a) electronic factors play an important role in the 
kinetics and (b) geometric factors are probably also involved in the catalytic 
breaking of the oxygen bond. 
Catalysts were selected with both the "continuum" and "atomic" 
approaches in mind. Alloys of noble metals (Pt, Au) - which are good catalysts 
for 02 reduction - with base metals were investigated, as well as alloys con-
taining only base metals. The materials examined encompass a variety of 
crystal types; a partial listing is given in Table I. The validity of the con-
tinuum approach to the electrocatalysis of oxygen reduction would be established 
by alterations on the noble metal activity through alloy formation and/or by 
the development of high activity through alloying of low activity base metals. 
- 2 -
. TABLE I 
Structure and Stoichiometry of Selected Alloys 
Stoichiometry	 Structure	 Alloy 
A 3B	 " W"	 Ti 
Nb3Pt 
Mo3Pt 
A 2 B	 CuAl2 type
	 Zr,Ni 
MoSi2
 type Ti2Cu 
AB C5CJ type TiCo 
AuC1 - B19 NbPt 
AB Laves Phases TaV 
HfW2 
TiCr2 
C. P. phases Pt2Ta 
AB AuCu3 type Pt3Ti 
Pt3Co 
41 Pt3Zr 
12 ish Ni3Ti 
Pt3Ta 
TaIr3 
2 ish ZrAu3 
TiCu3 
3 ish Pt3V 
AB
n
 n>3 
O 
•NiMo 
Variable 6 NbPt 
p TaNi
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II. EXPERIMENTAL 
A. Introduction 
A convenient method of testing a material for corrosion resistance 
and catalytic activity was to use it as a solid ingot. As such, it could be 
mounted in an alkali resistant resin and tested potentiostatic ally as a 
rotating disc electrode run consecutively in N 2 - and 02 saturated KOH-
solution. 
By potentiostatic measurement of the corrosion current under an 
inert atmosphere, it was possible to measure the corrosion rate over the 
whole potential region relevant to an oxygen electrode. 
The advantages of this method are that the samples can be prepared 
with relative ease and have well-defined surfaces. They could therefore 
be tested unequivocally for corrosion and for 02 -activity under well-
defined transport conditions (Levich equation). The main disadvantage 
of the method is the sensitivity of the electrode, with its low roughness 
factor, to poisoning by impurities. This disadvantage is minimized by the 
high electrode potential at which 02 is reduced and by continuous surface 
renewal due to the small corrosion current present in most cases. The 
low concentration of surface defects on solid electrodes, in contrast to that 
on dispersed electrodes, may lead to lower specific activity, but this 
difference is probably irrelevant in a comparative study of the relative 
activity of a series of materials. 
B. Testing of Solid Ingots as Rotating Discs 
1. Preparation of the Disc Electrode 
Carefully weighed mixtures of pure elements were arc-melted 
in a furnace with six water-cooled copper heaters (each one-inch in diameter), 
using a tungsten tip under an argon atmosphere. A Ti getter was fired before 
each run in order to eliminate traces of 
°2 A maximum of six ingots 
weighing 5 to 10 grams could be obtained in one run. 
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If the alloy or compound was formed peritectically (i. e. during 
solidification the composition of the solid phase differs from the composition 
of the liquid phase), the ingot was annealed, generally overnight, at a 
convenient temperature. If the alloy or compound was formed congruently 
(i. e. the solidifying phase had the same composition as the molten phase), 
the ingot could be used without any subsequent thermal treatment. 
The ingots were button shaped when removed from the furnace and 
were cut with a boron carbide or chromonel saw in order to expose two 
parallel, flat, circular faces. One part of the sawed button was used for 
metallographic analysis, according to standard procedures. 
The part of the button with the two parallel, flat, circular planes 
was incorporated as shown in Fig. la with "Koidmount," (an acrylic 
resin - including methylmethacrylate monomer - used for metallographic 
work, which erroded less than 0. 05 mg/cm 2
 in 2N KOH at 80°C over a 
period of 80 hrs). This arrangement, besides isolating the electrical 
contact to the electrode from the electrolyte, also constituted an ideal 
configuration for controlling precisely mass transport to the electrode. 
Electrical contact to the button was made by screwing a metal 
rod down on a spring-loaded contact in the threaded shaft of the Koldmount. 
The rod, spring, and contact were gold-plated and the rod was covered 
with heat shrinkable Teflon tubing (Fig. la). The electrode assembly was 
mounted in a Sargent 600 rpm synchronous motor designed for voltammetry 
with solid electrodes. Contact between the stirring rod and the fixed lead 
was made by dipping a wire into a pool of mercury in the hollow top of the rod. 
A series of ductile materials was also tested in a demountable assembly 
described by Stern and Makrides 2 , with only Teflon and glass exposed to 
the solution (Fig. lb). Ductile materials tested in both electrode assemblies 
gave basically the same results. This confirms that the acrylic resin used 
in the rotating disc had no poisoning effect on the results. 
. 
.
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2. Test Cell 
The cell shown in Fig. 2 was used. In this cell all the 
frits were eliminated since they dissolve in caustic solution. The lack 
of a frit between working and counter electrodes did not introduce a sig-
nificant error, since during the cathodic oxygen reduction (with oxygen 
saturated solution) only oxygen was evolved at the counter electrode. 
The hydrogen evolved at the counter electrode during the corrosion test 
(N2 -saturated solution) which could dissolve and reach the working elec-
trode was largely swept by nitrogen and therefore did not contribute 
significantly to the measured current. 
The reference electrode was a Dynamic Hydrogen Electrode (DHE)3 
which under the cell-operating condition adopted a potential 30 m y + 5 my 
negative to the RHE. 
The temperature of the cell was regulated ± 0. 5°C by a heating 
mantle and a regulator with a temperature sensor inside the electrolyte. 
•	 A temperature of 75°C was selected for the experiments. 
The electrolyte concentration was set at 2M KOH after preliminary 
experiments with 3570
 (8. 4 M) KOH. This concentration had a more 
favorable transport factor (D x C) than 8. 3 M KOH solutions used in fuel 
cells. Since the screening electrolyte was milder, the chances of missing 
a possible catalyst were reduced. 
3. Electrochemical Measurements 
i(E)-curves were generated by imposing a linear potential 
scan on the working electrode by means of a slow linear potential signal 
to a Wenking potentiostat. The slow function generator was constructed 
with two standard batteries, two 10 turn, 10 K potentiometers, and a 
syhchronous motor (Insco Corp., Groton, Mass.). The motor has a basic 
speed of 4 rpm and six gear ratios of 1:1, 2:1, 5:1, 10:1, 20:1, and 50:1. 
By changing these gear ratios and the peak voltage, scanning rates from 
10 mv/min to 800 mv/min could be obtained. For the initial routine screening, 
a rate of 50 mv/min was selected. 
C
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The current-potential curve was recorded directly on an x-y 
recorder. Current-time curves at constant potential for relatively 
long times could be recorded on the same recorder by using the slow 
function generator to feed the y-axis of the recorder. 
Before an activity test experiment, the corrosion current under 
inert gas (N2) was measured at a series of potentials. This corrosion 
current had to be measured with stirring in order to subtract it quan-
titatively from the 02 reduction current. It was also measured without 
stirring in order to apply the results to a practical electrode. Also, the 
possibility of a decrease of the corrosion rate with time had to be investi-
gated. As long as the corrosion current was small compared with the 
expected 02 -current, the 02 -curve was run, even if the corrosion rate 
was higher than useful for a practical cell. 
In order to ascertain whether an observed performance represented 
the intrinsic activity of a material and not a mere increase of the surface 
IS	 area, the real surface area of the electrode had to be estimated. The 
only practical method of doing this during screening of a large number of 
flat electrodes was by measuring the double layer capacity of the electrode. 
For the capacity measurements a method was selected in which a 
triangular wave of 50 cycles/sec and a peak-to-peak voltage of 100 my 
(i. e. a sweep rate of 10 volts/sec), biased by a convenient dc voltage, was 
fed to the signal input of the potentiostat. The dc voltage was selected so 
that Faradaic currents were avoided. If the electrode behaves as a perfect 
capacitor (no Faradaic or ohmic resistance), the small triangular potential 
wave is transformed into a square current wave, with a peak-to-peak value 
which is proportional to the electrode capacity and therefore to the real 
surface. 
Procedure 
The following procedure was used for routine screening: 
(1) N 2_Saturation 
A freshly prepared 2M KOH solution was saturated with pure 
nitrogen for at least 45 minutes. The electrode was kept inside the cell but 
not exposed to the electrolyte until N 2 saturation was complete. 
S
.(2) Corrosion i(E)-Curve 
The electrode was introduced into the solution at a potential 
of E = 0 my. The potential scan was initiated within a minute at a rate of 
50 mv/min and 600 rpm rotation. The potential scan was reversed between 
E = 0. 8 volt and E = 1. 23 volts, depending on the extent of corrosion in this 
range. If there was a high corrosion rate at the lower potentials, higher 
potentials were still investigated since there could be a region of passivation 
in the potential range of interest. 
At several points of the i(E)-curve, stirring was stopped for 1 or 2 
minutes without stopping the potential sweep (in order to observe the effect 
of stirring on corrosion). 
(3) Measurements of the Double Layer Capacity 
At several points in the i(E)-curve under N2 , the recording 
was interrupted and a double layer capacity measurement was made as 
described above. 
is
	
	
The electrode potential was never left uncontrolled in order to control 
the history of the electrode from the moment it was immersed in solution. 
If, in addition to the i(E)-curve, the electrode had to be left for some time 
at a known potential, the time at this potential was kept as short as possible 
and noted. The electrode was removed from the solution during extended 
periods of inactivity, and any attached electrolyte was removed by rotating 
the electrode in the gas phase for a short time (about half a minute). 
(4)0 2- Saturation 
If thecorrosion current was within tolerable limits, the 
test for 02 -activity was carried out. The electrode was removed from 
the system and repolished, and the solution was saturated with 02 (at 
least 45 min).
(5) 1(E)-Curve for 02-Reduction 
The repolished sample was introduced into the electrolyte 
at a high, passive potential where possible, but below any current wave 
- 10-
(usually between 0. 8 volt and 1. 23 volt), and the i(E)-curve was initiated 
in the direction of decreasing potentials. At E = 0, the direction of the 
potential sweep was reversed. 
(6) Measurements of the double layer capacity in the 
region of the limiting current were necessary when doubts existed about 
the real surface increase during recording of the i(E)-curve. 
(7) After recording the i(E)-curves, a micrograph of the 
electrode surface was taken and the sample was filed for subsequent 
study.
(8) The data presented in tabular form are corrected to 
the reversible hydrogen electrode (RHE) in the same electrolyte by sub-
tracting 30 ± 5 my
 from the recorded potentials (DHE). 
C. Presentation of Data 
Table II lists the following information for the transition elements 
and alloys and intermetallic compounds: E 1 , the half wave potential; 
E 2 , the potential at which cathodic current was first observed; iL, the 
limiting current density; and C, the double layer capacities of the electrode. 
The significance of these measurements in defining the activities of a 
catalyst is established below. The detailed results from which these figures 
were derived were presented in the Fourth Quarterly Report. Comment 
is also made in Table II on the corrosion (anodic currents) observed for 
the electrode measured in the absence of 02. 
The reduction of oxygen is an irreversible process, and in the absence 
of concentration polarization, the current potential curve is described by 
i = i0. exp (azF ) 
RT 
where i0 is the exchange current, a the transfer coefficient, z 
where n is the number of electrons involved in the electrode reaction
. 
fl
(1) 
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TABLE II 
U
Master Table of 
ELEMENTS
Eimv 
2 
Ag	 760 
Au	 785 
Co 
Cr 
Cu 
Fe 
Graphite 
Hf 
Ir 
Mn 
MO 
Nb 
Ni
	
<90 
Os
	 375 
Pd
	 835 
Pt
	 845 
Re
	 340 
Rh
	 545 
Ru
	 545 
Ta 
Ti 
V 
w 
Zr
Activity for 02 Reduction and Corrosion Resistance 
	
E 1mv	 iLpa/cm2 Cjif/cm 2 Corrosion 
	
900	 1800	 60 
	
900	 1340	 96 
".200 
340 
810 
900 
925 
820 
820 
670 
250 
300
	
645 
370
	
810 
544
	
675 
820
	
900
Corrodes 
Corrodes 
Corrodes 
780
	
52 
390
	
410
Inert 
705
	
176 
150
	
604
	
Extensive oxide 
formation 
Corrodes 
Corrodes 
500
	
26 
250
	
75 
1200
	
95 
1350
	
115 
600
	
350 
1370
	
340 
1000
Inert 
	
100	 Corrosion >950 
Corrodes 
Corrodes 
Inert 
.
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ALLOYS AND INTERMETALLIC COMPOUNDS 
Eimv Emv 1LPa/cm 2 Cpf/cm 
2 Corrosion 
AuNb3 825 910 582 some corrosion 
A1Ni 130 300 800 17 
A1Ni3 100 700 225 18 
A1NiCo 175 400 140 212 slight corrosion 
A13NiCO2 corrodes 
AuPd see separate 
AuPt section 
Au 1 5Rh15Tj 825 920 658 225 slight eorrosion 
AuTi 745 925 •746 51 
Au2Ti 725 800 665 47 
AuTi 3 810 910 698 70 some corrosion 
AuV3 corrodes 
• Au3Zr 575 875 360 22 slight corrosion 
AuZr3 corrodes 
CoA1Ni 175 400 140 212 slight corrosion 
Co2A13Ni corrodes 
CoHf2 inert 
Co2Ni 810 880 500 87 slight corrosion 
CoPt3 815 900 680 133 some corrosion 
CoTi corrodes 
Cr2Ta inert, corrosion 
>850mv 
Cr2Ti 130 270 1000 41 
Cr4Ti inert 
CuTi corrodes 
CuTi2 180 250 240 41 some corrosion 
Cu3Ti corrodes 
Fe2Ta 230 390 1600 420 some corrosion 
Hf2Co inert 
• HfMo2 corrodes 
HfW 2 corrodes 
Ir3Ti 550 750 1280 375
- 13_ 
ALLOYS AND INTERMETALLIC COMPOUNDS(cont,) 
Emv E.mv
'La' 
cm
 Cpf/ cm Corrosion 
MnNi(2:1) extensive oxide 
formation 
MnNi(1:1) 150 820 1430 163 slight corrosion 
MnPt(3:1) 820 920 1400 some corrosion 
MO2Hf corrodes 
MoNi4 150 250 600 19 slight corrosion 
MoPt 560 810 1700 350 some corrosion 
Mo3Pt corrodes 
MO2Zr corrodes 
Nb3Au 825 910 582 some corrosion 
NbPt2 810 8O 1320 133 
NbPt 840 920 1400 820 some corrosion 
NbNi3 200 800 910 17 
NiA1 130 300 800 17 
• Ni3A1 100 700 225 18 
NiA1Co 175 400 140 212 slight corrosion 
NiCO2A1 corrodes 
NiMn(1:1) 150 820 1430 163 slight corrosion 
NiMn(1 :2) extensive oxide 
formation 
Ni4Mo 150 250 600 19 slight corrosion 
Ni3Nb 200 800 910 17 
Ni2P 210 810 1550 27 slight corrosion 
NiTa 120 225 410 30 
Ni2Ta 175 280 575 80 
Ni3Ta 160 720 630 65 
Ni3Ti 90 260 200 15 
NiZr2 inert 
PdAg see separate 
• PdAu section 
PdPt 840 900 1500 140 
• Pd3Ta	 • • 835 890 1250 180	 • slight corrosion 
PdZr2 730 830 1000 68 
Pt3Co 815 900 680 133 some corrosion
- 14 - 
.ALLOYS AND INTERMETALLIC COMPOUNDS (cont.) 
Eimv Emv
'L	 cm  Cpf/ cm  Corrosion 
PtMo 560 810 1700 350 some corrosion 
PtM03 corrodes 
PtMn 820 920 1400 some corrosion 
PtNb 840 920 1400 820 some corrosion 
Pt2Nb 810 860 1320 133 
PtNb3 corrodes 
PtPd 840 900 1500 140 
Pt  Ta 840 900 1205 112 
Pt3Ta 840 890 1280 some corrosion 
Pt3Ti 820 870 1003 132 
Pt3V 820 880 1000 132 some corrosion 
Rh1 5Au1.5 Ti 825 920 658 225 slight corrosion 
Rh3Ti 610 920 1266 129 slight-corrosion 
TaCr2 inert-corrosion 
>850mv 
TaFe2 230 390 1600 420 some corrosion 
TaNi 120 225 410 30 
TaNi2 175 280 575 80 
TaNi3 160 720 630 65 
835 890 1250 180 slight corrosion TaPd3 
TaPt2 840 920 1205 112 
TaPt3 840 890 1280 slight corrosion 
TaV2 corrodes 
TiAu 745 925 746 51 
TiAu2 725 800 665 47 
TiAu15Rh 1 825 920 658 225 
Ti3Au 810 910 698 70 some corrosion 
TiCo corrodes 
TiCr2 130 270 1000 41 
TiCr4 
W
inert 
TiCu corrodes 
Ti2C 180 250 240 41 some corrosion
- 15 - 
TiCu3 
TiIr3 
TiNi3 
TiPt3 
TiRh3 
VPt3 
V2Ta 
V3Au 
W2Hf 
W2Zr 
Zr3Au 
ZrAu3 
ZrMo2 
Zr2Ni 
Zr2Pd 
ZrW2 
.
ALLOYS AND INTERMETALLIC COMPOUNDS (cont.) 
Emv	 Emv	 iL pa/ cm Cpf/cm2 Corrosion 
corrodes 
550 750 1280 375 
90 260 200 15 
820 870 1000 132 
610 920 1266 129 
820 880 1000 132
575	 875	 360	 22
inert 
730	 830	 1000	 68
corrodes 
S
some corrosion 
corrodes 
corrodes 
corrodes 
corrodes 
corrodes 
slight corrosion 
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TABLE II (cont.) 
INTERSTITIAL COMPOUNDS - BORIDES AND SILICIDES 
Electrode Corrosion Behavior	 E1 for	 Reduction 
TiB2 corrodes	 <+200 
Ti5Si3 corrodes	 <+200 
TiSi2 corrodes	 <+700 my 
ZrB2 high corrosion current	 - - - - 
ZrSi2 high corrosion current	 -- --
VB2 high corrosion current	 - - - - 
VSi2 high corrosion current 
NbB high corrosion current 
NbB2 high corrosion current	 - - - - 
NbSi2 corrodes less than NbB,	 - - - - 
by order of magnitude 
TaB high corrosion current 
TaB2 high corrosion current	 -- --
Ta Si low corrosion current 
TaSi2 higher corrosion current	 - - - - 
CrB Cathodic current above +300; 
Anodic current below +700 
CrB2 similar to CrB 
Cr5 B3 similar to CrB 
Cr2 B low corrosion currents	 low O2currents
- 17 - 
Electrode Corrosion Behavior EIjor 02 Reduction 
Cr3 B similar to Cr 2 B - - - - 
Cr4 B similar to Cr2 B --- - 
CrSi2 very low corrosion below Iv 
Cr3Si very low corrosion below Iv 
MoB high corrosion currents 
above + 200 
MoB2 high corrosion currents 
above + 200 
MoSi2
high corrosion currents above - - - - 
+ 200 (lower than MoB) 
WB	 . high corrosion currents .	 -- - - 
above + 100 
W 9 B 
- 
high corrosion currents 
above +100
- - - - 
W 2 B 5 high corrosion currents above + 100 
WSi2 high corrosion currents above 0 
MnSi2 high corrosion currents 
CoSi2 corrosion 
Ni2 B stable +250 
Ni3 B stable +150 
Pt2 B stable +875 
B 4 C stable
low. +200
.
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• TABLE II (cont.) 
INTERSTITIAL COMPOUNDS -CARBIDES AND NITRIDES 
E i*mv i,4a/cm2 i 4a/cm2 * C /if/cm2	 Corrosion 
at 500mv at 150mv 
Ti +250 ---- 0.24 100 
TiN +770 0.27 1.13 540 
TiC +820 0.1 0.26 220 
Zr ----	 inert 
ZrN ---- ---- ---- 435 
ZrC +400 ---- 0.48 46 
Hf ---- ---- ---- 2 
HfN +500 ---- .01 
HfC +500 ---- 0.80 17 
V ---- corrosion ---- --- -
	 corrodes 
VN +180 >500 
VC +820 0.27 0.50 61 
Nb 270 corrosion 1.0 
NbN "270 ---- 0.4 
W	 NbC +600 0.29 1.1 169 
Ta inert ----
TaN +100 corrodes - - - - - - - - 
TaC +630 0.15 1.0 
Cr +200 ---- .01 22 
Cr2 N +400 ---- .01 266 
Cr3C 2 +600 0.3 1.1
* The E-i characteristics do not permit unequivocal definition of 
E1 or i for most of these materials. 
2	 L
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E 1mv i Pa/ cm i jia/cm Cif/cm2 
at 500mv at 150mv 
Mo -- -
- -"	 corrodes 
•	 M0 2C -
- corrodes 
W corrodes 
WC corrodes 
WC-Co ---- corrodes 
Fe +645 0.14 0.70 52 
Fe 2C +770 0.42 0.88 28 
Ni 
Ni3 N Separate Section 
Ni3C 
Carbon +820 0.55 0.56 410 
(graphite)
S
- 20 - 
CE 
'c__i 0
C
exp	 cZF\ 1 
RTj
(2) 
and ii the stoichiometric number, F is Faraday's constant, R the gas 
constant, and T the absolute temperature. 
If, in addition to activation polarization, concentration polarization 
appears due to 
°2 depletion at the electrode, equation (1) converts to: 
S
S 
where C and C are the concentrations of oxygen at the electrode 
and in the bulk of the solution, respectively, and z' the stoichiometric 
factor (5) for the oxygen molecule in the reduction reaction. 
Equation (2) can be rewritten as 
= ____ 
RT in i	 z— + 'RT 
azF	 o	 azF	 CE) 
It can be easily demonstrated that in case of diffusion-controlled limiting 
current (as is the case in most of our experiments), at the half wave 
potential (i. e. when i = id/2) CE = 
Equation (3) can then be rewritten as 
= 71act + z' RT in 2 , or at T = 75°C 
azF. 
= lit + .---	 0. 018 (volt) az
S
(3)
(4)
(5) 
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.Thus, for electrodes with similar hydrodynamic conditions (as exist 
in our experiments) at the half wave potential of a diffusion limited 
wave, the overvoltage (ijj	 Li - E ) is equal to pure activation 
2i
	
0 
polarization plus a small numerical term. This term depends on the 
transfer coefficient, stoichiometric factor, and stoichiometric number. 
It is apparent that the half wave potential is a very appropriate 
quantity for comparing catalysts studied under identical conditions, since 
the normalization of the current to this potential is not subject to errors 
made in the measurement of electrode area. 
In this system there are two complications which limit the rigor 
with which such a comparison can be made: 
(1) The passivating effect of oxides and chemisorbed 
oxygen. Because of this effect, it is frequently found that above a given 
potential no current is seen, while below the potential at which the 
"oxide" is reduced, a very steep (purely diffusion controlled) wave 
•	 appears. It is therefore possible that electrodes with little "oxide 
passivation" but large overvoltage due to other causes show a more 
negative half wave potential than do electrodes with very steep waves 
but with an "oxide inhibition" at low polarizations. 
(2) The formation and accumulation of HO, by partial 
reduction of 02 during the following reaction sequence: 
02 + H20 + 2 e - HO  + OH	 (6) 
H02 +H20+2e -30H
	 (7) 
It is possible in principle that an electrode with completely 
reversible step (6) and very irreversible step (7) (i. e. with a very 
low half wave potential for the 4-electron 02 -reduction over-all wave) 
shows much more negative half wave potential than an electrode with 
less reversible reaction (6) but a more reversible reaction (7). 
.
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In order to eliminate this uncertainty, we have included in the 
tabulation the initial potential, i. e. the potential at which a net cathodic 
current is observed. This value is, at best, semiqualitative since it is 
dependent on the sensitivity of the ammeter and the presence or absence 
of corrosion current. Even with these limitations, it is a good complement 
to the half wave potential for comparing catalyst performance. 
.
. 
.
- 23 -
S 
III. RESULTS 
Table II presents all the data accumulated on the activity and 
corrosion resistance of the elements of the transition series and of 
intermetallic and interstitial compounds. The intermetallic compounds 
are listed alphabetically for each component. Supplementary Tables III 
to IX group the materials in terms of activity, corrosion resistance, etc. 
and are discussed in detail below. 
The first group (Table III) comprises those transition elements 
that show activity for 02 reduction above + 800 my. 
TART P TTT 
Transition Metals Active for 02 Reduction Above + 800 my 
Mn	 Ag 
Au 
Pd	 (C) 
Pt	 Os 
The performance curves indicate the order of activity (based on 
initial potential): Os z Pt z Pd > Au Ag > Mn > C. 
Of the remaining elements, Fe, Re, and Jr are active below 
+675 my; Ni, Ti, and Cu are active below +360 my. 
A parallel grouping of the metals can be formed according to 
whether oxygen is reduced on an oxide or on "bare" metal. This cor-
relation is shown in Table IV.
S
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.TARJ.F IV 
Oxygen Reduction Activity vs. Surface Composition 
Oxide Surface	 Metal Surface. 
Ti Pd 
Nb Pt 
Fe Ag 
Mn Au 
Ni Cu
The performances of the transition metals are summarized in 
STable V according to position in the periodic table, in Table VI, 
according to the potential region of activation controlled current, and 
in Table VII according to E 1
 and E values. 
The most active elements are those for which the metal itself 
catalyzes the 02 reduction process. The low limiting currents and the 
slope of the performance curves for Fe, Ti, and possibly Ni and Re 
indicate that these materials have a low activity for the decomposition 
of HO2 . Nb also shows a two-step reduction; however, some ambiguity 
is introduced by corrosion. 
Manganese dioxide is the one oxide which shows activity for 
oxygen reduction at high potentials. 
.
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.TABLE WI

Classification of 02 Reduction Catalysts According to E1 
2 
(Materials Showing Activity Above + 700 my) 
Class 1	 840 my 
Material E 1 E1 2 
Pt +925 +845 
Pt2Ta 920 840 
Pt:Pd 900 840 
Pt3Ta 870 840 
Os 810 375* 
PtNb 920 840 
Class 2	 830 my 
Pd 900 835 
TaPd3 890 835 
Pt2B 875 830 
Class 3 800 my 
AuNb3 910 825 
Ti(Au 1 5 Rh 1 5) 920 825 
PtMn 920 820 
Mn 900 820**
40 * Low E1 due to slow reduction of HO -. 2	 2 
** Limiting current was not observed due to oxide reduction. 
- 28 - 
.	
TABLE WI (Cont.) 
Class 3 800 my (Cont.) 
Material	 E1	 E1 
. 
Pt3V 880 820 
Pt3Ti 870 820 
Pt2Nb 870 820 
Pt3Co 900 815 
Ti3Au 910 810 
Class 4 <800 my > 700 my 
Au 900 785 
• Ag 900 760 
AuTi 925 745 
PdZr2 830 730 
AuTi 2 800 725 
Class 5 < 700 my 
MnNi (3:1) 820 700 
TiRh3 920 610 
ZrAu3 875 575 
PtMo 810 560 
TiIr3 750 550 
C '810 .370 
MnNi 820 150
.
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.Finally, we group together those metals which either corrode 
substantially or are inert over the potential range 0 to + 1200 m y. These 
metals are listed in Tables VIII, IX, X, and XI. 
TABLE VIII 
Elements Not Active as Oxygen Electrodes 
Corrode	 Inert 
V	 Zr 
Nb*	 Hf 
Ta	 Cr** 
Mo 
W 
..	 Co 
* Active where corrosion is observed 
** Corrodes above +900 my.
'T'ADT ? TV 
Materials Inert Between 0 and + 1200 my 
Zr Zr2Ni 
Hf Hf2Co 
Ta Hf N
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.	
TABLE X 
Materials Showing Anodic Current Between + 800 and + 1200 my 
Cr Co2NiA13 TiC	 TaC Cr2B	 Cr3Si 
Re TiCr2 VN	 Cr2N Cr3B 
Os TiCr4 VC	 Cr3C2 Cr4B 
Ag TaCr2 NbC	 CrB CrSi2 
Rh Ti3Au 
'r' A TT 1' XrT 
Materials Showing Anodic Current Below + 800 my
V NbPt (low) TiCu* ZrN TiSi2 TaB2 
.	 Nb MoPt (low) TiCu3 H1C* ZrB2 TaSi2 
Mo Nb3Pt TiCo NbN ZrSi2 Ta5Si3 
W Mo3Pt TaV2 TaN VB2 CrB2 
Co* Co2NiAl3 TaFe2 MO2C VSi2 Cr5B3 
Cu* ZrMo2 MnNi* WC NbB MoB 
HfMo2 WC-Co NbB2 MoB2 
ZrW2 TiB2 NbSi2 MoSi2 
HfW2 Ti5Si3 TaB WB 
* Apparent insoluble oxide
W2 B 
W2B 5  
wS 
Mn S 
C oS i2 
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In a number of cases, the observed corrosion behavior was other 
than that predicted by thermodynamics. Consider the following specific 
examples:
a) Vanadium corroded at negative potentials, presumably 
due to the formation of I-1V 205 . A slight passivation occurred at + 200 my; 
the predicted transition to V 205 or H3V 207
 at about 600 my
 was not observed. 
b) Niobium is reported to be covered by an insoluble oxide 
at positive potentials. However, corrosion of niobium was observed above 
+ 250 my, presumably because of a soluble reaction product. 
c) The formation of soluble W04
 is predicted to occur at 
negative potentials. However, the formation of a soluble corrosion product 
was not observed below + 200 my. 
The remaining transition elements show some activity for 
reduction. TableIX lists elements which catalyze 
°2 reduction above + 800 my. 
The .borides, silicides, carbides, and nitrides of the transition metals 
were surveyed for their corrosion behavior and their activity for catalyzing 
the electrochemical reduction of oxygen. 
The performances of materials within each grouping is discussed in 
terms of modifying the properties of the parent transition metal. 
In a later section of this report, we discuss a more detailed study 
of highly dispersed carbides, nitrides, nitrocarbides, and carbonitrides 
of Fe, Ni, and Co. The data presented below are, except where noted, 
for solid electrodes. 
(a) Ti, TiN, TiC. 
A slight anodic corrosion current is observed for titanium. 
This current is much less for TiN even though the surface area of the nitride 
is much greater, as indicated by the capacitance (540 f/ cm 2). Substantial 
corrosion of TiC is observed above +830 m y . Judging from the absence of 
a passivating current, the reaction product is either partly soluble or porous. 
The 02 reduction activity of TiN is substantially higher than that of 
Ti. The current-potential curve has two waves, implying a difference in 
rate for 02 and H02 reduction noted for oxide coated metals. This material 
was also studied with a graphite counter electrode to eliminate the possibility 
of contamination of TiN by dissolved platinum. No difference in activity was 
found.
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TiC is slightly more active than titanium and some 02 reduction 
current is noted at + 820 my . However, its performance is less than 
that of TiN. Some of this could be ascribed to the large difference in 
surface area.
(b) Zr, ZrN, ZrC. 
As noted previously, Zr does not corrode or reduce 
over the potential range studied. ZrN shows a slight activity and possibly 
corrosion at potentials above + 600 my. 
Corrosion is not observed for ZrC; the material shows cathodic 
current for 02 reduction below + 400 my. 
(c) Hf, HfN, HfC. 
Hafnium, like Zr, is inert over the potential range studied. 
The low capacitance (2 4f/cm 2) is consistent with an insulating oxide film. 
HfN is also essentially inert although there is a slight indication of activity 
below + 500 my. 
HfC shows an anomalous anodic current peak at + 630 my. 02 
reduction is observed at potentials less positive than + 500 my. 
(d) V, VN, VC. 
W
	
	 Vanadium corrodes under the conditions of the experiment, 
presumably with the formation of a soluble product. Anodic corrosion 
current is observed for VN above +180 my, and a small amount of oxygen 
activity is observed below + 180 my . These corrosion reactions are 
further suppressed in VC. Anodic current is observed only above +820 
my; the low capacitance (60 jif/cm 2) at + 600 my is consistent with a 
stable surface. Cathodic 02 reduction current is observed below this 
potential.
(e) Nb, NbN, NbC. 
Niobium corrodes above + 170 my, but is also active for 
02 reduction; a net cathodic current was observed below + 270 my . The 
corrosion behavior of NbN is similar to that of the metal; the 02 activity 
may be less, although this point is difficult to establish because of the 
corrosion current. 
NbC is more resistant to corrosion than is the metal; anodic 
current is observed only above + 600 m y . Reduction of oxygen is observed 
below this potential; as with the other carbides studied, two waves are 
present.
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S	 (f) Ta, TaN, TaC. 
Tantalum is essentially inert over the potential range studied. 
The nitride, on the other hand, shows substantial corrosion at potentials 
more positive than 0 my . A small amount of oxygen activity is observed 
below + 100 my . Corrosion is observed for TaC above + 630 m y, and 02 
reduction is observed below + 630 my. 
(g) Cr, Cr2N, Cr3C2. 
Chromium shows little activity for 0 reduction and corrodes 
to soluble chromate above + 900 m y . The behavior of Cr2N is essentially 
identical. The corrosion behavior of Cr 3C 2
 is apparently more complex; 
anodic current is observed above + 350 my . Net 02 reduction activity is 
observed below + 600 my. 
(h) Mo, Mo2 
Substantial corrosion current is observed for both materials. 
(i) W WC, 94 WC - 6 Co, 80 WC - 20 Co. 
The corrosion behavior of W and WC are essentially identical. 
•	 This behavior appears to be somewhat suppressed by alloying with cobalt. 
Anodic current peaks are observed rather than continuous corrosion. 
(j) Fe, Fe2C. 
Fe2C is somewhat more active than Fe and cathodic current 
is observed at moreDositive potentials. Both limiting currents are low 
0. 8 - 0. 9 ma/ cm ), indicating incomplete reduction of 02• The electrical 
capacitances of the electrodes indicate stable surfaces on both samples. 
(k) Ni, Ni3N, Ni3C. 
It was difficult to prepare the carbide and nitrides as solid 
ingots; powder electrodes were therefore used; the preparative techniques 
are described elsewhere. 
Ni3N is slightly more active than nickel, and Ni3C is two orders of 
magnitude more active than nickel. It is not clear whether this high activity 
is an inherent property of Ni3C or due to a high surface area. Furthermore, 
the sample is not pure Ni3C; nickel is also present as a major constituent. 
The corrosion behavior of these compounds relative to the parent 
metals is given in Table XII. The data are qualitatively displayed in terms 
of increased or decreased corrosion. 
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.	
	 TABLE XII 
Relative Corrosion Behavior 
Metal Nitride Carbide Corrosion Level 
(Metal) 
Ti decreased increased low 
Zr small increase small increase none 
Hf no change ? none 
V decrease decrease high 
Nb no change decreased high 
Ta increase increase none 
Cr no change increase at high potential 
Mo ---- no change high 
W ---- no change high
There are no systematic trends in corrosion behavior useful in 
predicting the behavior of other compounds or in correlating with other 
pertinent parameters such as 02 activity. The corrosion rates of VC, 
VN, NbC, and TiN are lower than they are for the metals. However, 
Cr3C 2, TiC, and TaC corrode faster than the parent materials. Apparently 
either porous or soluble products are formed since passivatiori currents are 
not observed. This effect implies that the composition of the surface oxide 
film normally present on the metal has been substantially altered by the 
presence of carbon. 
The carbides are all more active than the parent metal for 02 
reduction, and some activity is found even when the metal itself is inert, 
e. g. Zr, Hf, Ta, and Cr. Except for the titanium compounds, the nitrides 
are less active than the carbides. The apparent limiting currents (at + 150 
my) for Cr3C 2, Fe 2C' NbC, and TaC were significantly higher than for 
graphite, implying that the carbides are more effective in reducing HO 2. 
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The highest activities were observed for TiN, VC, Fe 2C, and Ni3C. 
The relative activity of TiN may be misleading since the material had a 
high surface area (540 gf/cm 2). The use of VC cathodes is impractical 
because of corrosion at high positive potentials. Fe2C is apparently stable 
over the voltage range studied so that its use is not ruled out by corrosion 
problems. 
Corrosion currents are observed for the borides and suicides of 
the refractory metals. Of interest are the high corrosion rates for the 
borides and suicides of metals which are inert in 2N KOH, e. g. Zr, Hf, 
and Ta. Evidently, the normally passivating film of insoluble oxide is 
substantially modified by the nonmetallic constituent, more so than for 
carbon or nitrogen. 
The chromium compounds are the most stable in this group, 
although a small amount of corrosion current is observed for the high 
boron-content compounds, i. e. CrB, CrB2, and Cr5 B3 . The first two 
of these materials also show cathodic currents. It is tempting to assign 
this current to reduction of soluble chromate. However, the stirring in 
these experiments should remove from the surface chromate produced at 
high potentials. 
Because of these high corrosion currents, the refractory metal 
borides and suicides cannot be considered as possible oxygen electrodes. 
The group VIII borides studied (Ni 2 B, Ni3 B, Pt 2B)were relatively 
resistant to corrosion, although even in the case of Pt 2B anodic current 
was observed at high potentials. The measurement of 02 activity indicated 
no enhancement due to the presence of boron. 
fl
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IV. DISCUSSION 
We can consider these catalysts mainly in terms of the role of the 
oxide film formed on the surface during the oxygen reduction process. 
There are three main groups. 
The first includes metals on which oxygen reduction begins only 
when bare metal surface becomes available - that is after substantial 
reduction of an oxide or chemisorbed oxygen layer. The reduction of 
oxygen proceeds directly to water on the bare surface with very little • 
hydrogen peroxide accumulation. Examples of metals of this type in-
clude those of the Pt group and silver. Within this group Pt has the high-
est activity at low temperatures. The metals Zr, Ta, Hf, and Nb can be 
included in this group insofar as an oxide layer is present at all potentials 
and no appreciable 0 2 reduction occurs. 
The next group contains elements such as Ti, Ni, Fe, and 
graphite. Oxygen is reduced on these materials on oxide-covered 
surfaces with varying degrees of reversibility. For example, reduc-
tion of oxygen on passivated Ti requires an overvoltage of about 1 v, 
while on graphite (which is completely covered by oxygen) oxygen can 
be reduced to hydrogen peroxide with a high degree of reversibility. 
The third group includes elements such as Mn and Co on which 
redox reactions of the type 
Mn 4+/Mfl3+ or Co3+/ Co. 2+ 
have specific effect on oxygen reduction. In these cases, a maximum 
activity is found in the range of potentials where these reactions occur. 
A maximum can be observed directly on pure Mn but is masked on pure 
cobalt by a corrosion current. It is, however, observed on Ni-Co alloys 
where the corrosion current is very small. The activity of the NiCo2 
alloy may be additionally due to a synergistic effect related to the spinel 
Co2NiO4. 
Gold is a special case since it is the only metal essentially free 
of oxide or chemisorbed oxygen below the reversible 02 potential 
(1. 23 v). Reduction of oxygen to hydrogen peroxide is virtually reversible 
on gold, while the further reduction of H02 to water (or OH) is slow. 
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In the case of the intermetallic compounds, we were principally 
concerned with the influence of alloy or compound formation on the 
intrinsic catalytic activity for the electrochemical reduction of 
Again for most of these we are examining the influence of the bulk catalyst 
composition on the surface oxide formed under the test conditions, rather 
than the activity of the intermetallic itself. 
Our experiments show that enhancement of the catalytic properties 
by formation of a new phase is generally small. The catalytic properties 
of the components of an alloy appear to be more important than the elec-
tronic or crystallographic structure of any phase that may be formed. 
However, compounds or alloys may show substantially higher activity 
and stability than do the components. This result is generally to the effect 
of the electronic or crystallographic structure of the compound on the 
properties of the surface oxide formed during oxygen reduction on all non-
noble metals. 
A substantial effect of chemical compound formation is also 
apparent in corrosion. 
Of the specific systems studied, the intermetallic compounds of 
platinum and nickel and the interstitial compounds of the transition ele-
ments with carbon and nitrogen are of particular interest. 
From our study of intermetallic compounds of Pt with nonnoble 
metals we may conclude that: 
(a) Appreciable dilution by a nonnoble metal (e. g. Pt2Ta) 
causes no decrease of the platinum activity for comparable surface rough-
ness factors.
(b) Considerable surface increase can be obtained in some 
intermetallic compounds, probably by leaching of the nonnoble metal com-
ponent. This effect may be useful in obtaining platinum particles with a 
high and stable surface for practical electrodes. 
(c) Although addition of cobalt to nickel imparts a consider-
able increase in activity, PtCo3 does not show a corresponding improvement. 
This may be due to the high intrinsic activity of Pt. This conforms to the 
general pattern observed, namely that no intermetallic compound tested to 
date shows more activity than platinum. 
.
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Nickel alloys with Co and Mn show improvement in performance 
over nickel. The corrosion resistance of a metal which corrodes in alkali 
is improved, on the other hand, by addition of Ni. This general trend was 
noticed for all nickel alloys; the best example was NiA1 which behaved 
exactly as nickel. 
Ti3Au is a particularly interesting intermetallic compound. Its 
initial performance is higher than titanium or gold (but somewhat lower 
than platinum). With time, this performance increased to a level higher 
than platinum, but it was accompanied by a pronounced increase in double 
layer capacity, implying roughening of the surface. This was confirmed 
by electron microscopy. Analysis of the surface with an electron micro-
probe showed the surface exposed to the electrolyte to be more rich in 
titanium than was the bulk of the sample. This is discussed in more detail 
later.
Of the'Interstitials"of the refractory metals, borides and silicides 
generally exhibited high corrosion currents, which eliminated them as 
•	 possible oxygen electrodes in caustic electrolytes. 
The nitrides and carbides are another matter, especially in the 
cases of VC, VN, NbC, and TiN all of which are more resistant than 
their parent metals. The carbides (and the nitrides to a lesser extent) 
are all more active for 0 reduction than the parent metals; some 
activity is found even when the metal itself is inert, for instance with 
Hf, Ta, and Cr. 
Another example of interest is Ti and TiN. The decrease of 
corrosion current and of overvoltage for 02 reduction (about 500 my) 
observed with, TIN is hard to explain as a pure surface area effect and 
must be due to the favorable effect of an oxynitride of titanium covering 
the TiN surface.
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SECTION 2 
THE ACTIVITY OF GOLD ALLOYS OF PRECIOUS METALS AND TITANIUM;

NONSTOICHIOMETRIC Ti0 21 SILVER MAGNESIUM ALLOYS; 
OSMIUM, SILICON CARBIDE, AND BARIUM TANTALATE

(SOLID ELECTRODES) 
I. GOLD ALLOYS OF SILVER, PALLADIUM, AND PLATINUM 
A. Introduction 
These alloys are of interest because of the gradual changes in 
electronic configuration and lattice parameters which can be induced by 
alloying. In addition, some new surface oxide characteristics may appear 
for these alloys. It has been found that oxide layers of Pt, Pd, and Ag do 
not catalyze 02 -reduction to the same extent as the bare metal does. Con-
sequently alloying with gold, which does not form surface oxides, may lend 
some noble characteristics to the alloys. It should be noted, however, that 
the absence of an oxide layer does not ensure catalytic activity for 0 2 -reduc-
tion. Gold, for example, catalyzes the reduction of 
°2 to HO  quite 
reversibly but shows considerable irreversibility in the second step, the 
reduction of HO  to OH. 
One of the purposes of this work was to try to distinguish between 
the electronic effects and the influence of the oxide layer. Special precau-
tions were taken (a) to keep the composition of the surface constant (i. e. 
avoiding selectiVe segregation of components), (b) to control diffusion 
conditions and (c) to minimize the effect of impurities. 
B. Experimental 
The rate of oxygen reduction was measured on gold, platinum, palladium 
and silver and the alloys Au/Pd, Au/Pt, and Au/Ag at 1070 increments of com-
position. The electrodes were machined and polished cylinders 0. 6 cm high and 
0. 6 cm diameter and were mounted in a holder described by Makrides and 
Stern 2 . The actual geometric surface area was determined accurately in 
.
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.each case. All tests were made in 2M potassium hydroxide (Baker 
Analyzed) at 25°C ± 0. 1°C. Further tests on selected alloys were made 
at 75°C. The reference electrode was a reversible H 2
 electrode separated 
by a Teflon frit. After preliminary tests with Pt and graphite the counter 
electrode was changed to a large folded piece of Pd-Ag foil precharged 
cathodically with hydrogen in order to maintain its potential below 100 my 
vs. RHE for the duration of the test. (The reason for selecting this counter 
electrode is discussed later.) The solution was presaturated with nitrogen 
for corrosion tests and with oxygen for the activity determination. The 
electrode was rotated at 600 rpm. 
Mass transport in an electrode of the described configuration cannot 
be strictly defined by a simple equation such as the Levich equation for 
rotating disc electrodes. Consequently, an experiment was performed to 
determine the transport contribution from the sides and the bottom of the 
electrode to the total current. The implications of this information are 
•	 discussed in the next section. 
Three experimental techniques were used to establish the characteristics 
of the alloys: 
(1) Fast potential sweeps (500 mv/sec) carried out in the presence 
of a N2 saturated solution to determine the nature of surface oxidation of the 
alloys.
(2) Slow sweeps (50 mv/mm) in an 
°2 saturated solution to define 
the current voltage relationship for the 0 2 -reduction reaction. 
(3) Capacity measurements to determine the relative surface 
roughness. 
The electrode potential was controlled at all times with a potentiostat, and 
the signal source was either a fast or slow function generator. The E (1)-curves 
were followed on an X-Y recorder, or an oscilloscope in case of fast sweeps 
and capacity measurements. 
S
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Typical fast sweeps are shown in Figs. 3a, 3b, and 3c. The potential 
range for these fast sweeps was 0 to 1600 m y
 vs. RHE except for the gold 
palladium alloys. For these alloys the potential was kept above 400 my
 vs. 
RHE to avoid the absorption of H 2
 by palladium, since the subsequent 
oxidation of the H2
 masks the surface oxidation processes being studied. 
Particular precautions were taken to prevent surface roughening and changes 
of surface composition of the alloys. The samples were repolished for each 
experiment; in addition, the number of potential cycles applied to the elec-
trode, before the fast sweeps were recorded, was restricted to four sweeps, 
the first three being used to align the trace on the oscilloscope. For the 
slow sweep, the electrode was again polished and the potential restricted to 
600-1000 my. The higher limit was set to avoid surface composition changes 
due to oxidation above 1000 my , and the lower limit was intended to minimize 
the duration of the experiment and thus avoid accumulation of peroxide in the 
electrolyte. A typical example of a slow sweep curve is shown in Fig. 4. 
•
	
	 The capacity of each electrode was measured in N 2 -saturated solution 
prior to the 02 -reduction activity determination. The technique consisted 
of the application of a small triangular wave (25 m y , peak to peak) to the 
electrode at 600 m y
 vs. RHE (to conform to the potential restriction mentioned 
above). The resulting square wave of current was used to calculate the 
double layer capacity. 
Effect of Impurities 
Gold was chosen as the electrode material for the investigation 
since it allows the most sensitive measurements of side reactions. 
In the initial tests, there were two unexpected features in the experi-
mental curves. These were (1) an unusual cathodic peak in the limiting current 
during the return sweep (increasing potential) at 250-500 m y
 and (2) an 
anodic current, also observed with gold, at potentials> 900 m y , which varied 
with time and immediate past history of the system. Both of these factors 
were important in considering our present objectives. 
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The peak in the limiting current was undesirable because it 
prevented precise definition of E 1
 and because it was an indication of 
an impurity in solution that was actively involved in the oxygen reduction 
reaction. The anodic current was undesirable because it occurred in the 
potential region where the 0 reduction process is activation controlled. 
The activation controlled region (Tafel region) of the current voltage curve 
is that where the surface reaction, which is dependent on the catalytic 
activity of the electrode, controls the over-all rate of the reduction reaction. 
Measurements of the rate, the current density per real square centimeter 
of the surface as a function of potential in this region, is a means of 
assessing the activity of the electrocatalyst. Therefore, the presence of a 
simultaneous anodic process of any magnitude restricts precise determination 
of the electrocatalytic activity toward the 02 reduction process (further 
discussion below). Prior to making the experimental measurements on the 
three systems, the possible causes of the anodic current and the cathodic 
peak were investigated. 
The anodic current occurred at all potentials > 800 m y
 under N2. 
Under 02 the anodic current was not observed until higher potentials 
(" 950 my), but it was assumed that the anodic reaction occurred simultaneously 
at the lower potentials, affecting the magnitude of the observed cathodic current. 
The anodic current tended to increase with time and frequently showed a sharp 
increase after the determination of a current voltage curve under 
This behavior corresponds to the accumulation in the electrolyte of 
H202 (or more precisely HO2 ) produced by the incomplete reduction of 
This is particularly the case when the electrode material is not a good peroxide 
decomposition catalyst. To check the effect of peroxide accumulation, hydrogen 
peroxide was added to the electrolyte to make a 10 3M solution. The anodic 
current increased by a factor of 10 3 .If it is assumed that the current is dif-
fusion controlled, then the anodic currents usually observed correspond to a 
solution 10 6M in peroxide. This level of concentration may occur under the 
normal operating conditions, particularly since the electrode is at low positive 
potentials for quite long periods during the slow sweep measurements. A large 
. 
.
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gold scavenger electrode was introduced to the system and maintained 
at a potential of 1000 my
 vs. RHE, in order to consume accumulated 
peroxide. However, this electrode was apparently not as efficient as was 
expected in the oxidation of HO 21 since it did not reduce the magnitude of 
the anodic current, possibly because of poor transport of HO 2
 to its surface. 
The anodic currents have been minimized by working with fresh 
electrolyte for every determination, by conducting the measurements in the 
shortest possibly time, and by using a restricted potential range for the 
slow sweep studies (see below) thereby reducing the amount of peroxide 
produced. 
The cathodic peak in the limiting current of 0 2 -reduction to HO2
 is 
a catalytic peak. It did not appear when the potential was maintained above 
300 my
 vs. RHE. Furthermore, the current peak never exceeded the 
theoretical limiting current to be expected from reduction of 
°2 to H20. 
This suggests that the effect was possibly due to the complete reduction of 
O to 0H catalyzed by a metal deposited at the low potential. Kronenberg6 
has reported a 1M solution of KOH containing 1-10 ppm of Fe, Ag, Cu and 
Cr. For iron, a 5 ppm impurity level corresponds to a 10 4M solution. 
Another source of impurities that was considered was the counter 
electrode. Initially, Pt was excluded from the system because of its possible 
dissolution and deposition on the surface of the working electrode, which could 
change its character, including oxygen film formation at lowered potentials. 
Measurements carried out with a graphite counter electrode indicated that it 
contained leachable impurities. Gold was excluded on the same basis as Pt. 
Any gold deposited on the working electrode would not show the difference in 
activity expected of Pt but could give rise to a continuously changing surface 
composition in the case of the alloys. The system selected for the counter 
electrode was a large piece of Ag/Pd foil charged with H 2. The anodic 
process that occurs to complement the cathodic reduction of 
°2 is hydrogen 
oxidation, and since this occurs at < 100 m y
 vs. RHE, no metal dissolution 
can occur.
.
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. C. Results 
A typical E-log i curve is presented in Fig. 5. The linearity of 
the curve for over a decade of current suggests that in this particular 
region the rection is activation controlled. 
The activities of the complete range of alloys are presented in 
Figs. 6 and 7 at the potential corresponding to a particular current density 
in the Tafel region; the current was normalized for the real surface area 
of the electrodes using the double layer capacities measured previously. 
Also shown in Fig. 8 are the activities defined in terms of potential at a 
constant current density (per geometric square centimeter). The pattern 
of activity is the same. 
The order of activity was Au/Pd > Au/Pt > Au/Ag; for the 1:1 
alloys the following E 1
 values were recorded for i = 50 pa/cm 2 : Au/Pd - 
926 my , Au/Pt - 878 m y, Au/Ag - 856 my
 vs. RHE. The Au/Pd series 
exhibit a flat maximum of activity over the range 70/30 - Au/Pd to 30/70 - 
•	 Au/Pd; the Au/Pt and Au/Ag alloys show, with some scatter, a steady 
transition from the activity of one pure component to the other. The 
activity patterns are approximately the same at 75'C (Fig. 9). The enhanced 
activity of the Au/Pd alloys is not unexpected and has been reported in the 
literature 8
 An interesting feature of these results is that at 25°C pure 
Pd (E50 = 922 mvvs. RHE) is more active than pure Pt (E 50 = 880 my vs. 
RHE). As the temperature was increased from 25°C to 75°C, the activity 
(E 50) of pure Pt increased from 880 to 903 m y , while that of Pd decreased 
from 922 to 915 m y. In other words, at 75°C and 50 ga/cm Pd was still 
somewhat morepositive (12 m y) than Pt. 
An important reason why Pd has not been extensively used in practi-
cal fuel cells is that it is known to corrode at a significant rate at positive 
potentials in KOH (or in acid) at 75°C and above. The anodic current observed 
at 1000 my was 3 jia/cm2 for Pd compared with 1 jta/cm2
 for Pt, though no 
great significance should be attached to the absolute value of these figures. 
It is therefore of considerable interest to note that the activity of Pd is 
.
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maintained or even enhanced in the gold alloys up to 7070
 Au, particularly 
since it might be expected that the corrosion resistance of the alloys 
would be better than that of pure Pd, as is the case for the Ni alloys of 
Mn and Co 4 . The level of activity, compared with Pt, shown by these 
gold alloys of palladium warrants further examination in a practical form 
as finely divided catalysts. 
In the fast potential sweeps separate peaks for the 
°2 desorption 
process (cathodic current) are observed on the Au/Pd and Au/Pt alloys 
(Figs. 10-12), the relative magnitudes changing with the alloy composition. 
This indicates that for the most part, as shown in our study of inter-
metallic compounds, the component metals retain their individual charac-
teristics with respect to oxide reduction and do not exhibit any composite 
properties. There is less differentiation of peaks, except in magnitude, 
among the Au/Ag alloys since the pure metals under these conditions 
behave in a similar manner. Another indication that the component metals 
retain their individual characteristics is the observed differences in limiting 
current density for 1070 additions of Ag, Pd, or Pt. At room temperature 
the reduction of 02 on gold proceeds only to peroxide at low polarization, 
whereas platinum, palladium, and silver are all effective peroxide decom-
position catalysts. It is interesting to note that the limiting currents are 
doubled for only a 10570
 addition of these components to Au. See Table XIII. 
D. Future Work 
We have started to examine the behavior of highly dispersed catalysts 
of Au/Pd alloys. The initial results show that 30/70 Au/Pd alloy to have higher 
activity (at low current densities) than has a Pt electrode made in an identical 
manner. So far, the 70-30 and 60-40 Au/Pd alloys have shown lower activity 
than has Pt.
. 
.
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TABLE XIII 
Activities of Platinum, Palladium,
and Silver Alloys of Gold 
.
. 
Atom Au-Pt Au-Pd Au-Ag 
%Au
iL/A F1 iL/A E1 iL/A E1 
2 (jia/cm ) 2 2 (my) 2 (jia/cm ) (my) (J.La/cm ) 2 (my) 
100 340 (Au) 860 
90 623 820 558 840 508 825 
80 766 826 662 860 491 750 
70 636 787 781 877 650 755 
60 615 804 637 877 675 750 
50 599 795 845 873 701 739 
40 763 785 1006 880 634 717 
30 808 837 1037 876 693 737 
20 686 795 984 878 623 728 
10 802 787 926 877 628 713 
676 (Pt) 780 1000 (Pd) 854 436 (Ag) 700
S
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II. TITANIUM, NONSTOICHIOMETRIC Ti02
 AND GOLD ALLOYS OF 
TITANIUM 
A. Introduction 
As noted in section I the intermetallic compound Ti 3Au shows con-
siderable catalytic activity for the reduction of oxygen; it was subject to 
some corrosion. A comparison of the activity of Ti 3Au and Pt  as solid 
electrodes is given in Fig. 13. Titanium nitride, probably the oxynitride 
when tested,also shows greater activity than pure titanium. However, when 
attempts were made to run powdered forms of Ti 3Au and TiN as floating 
electrodes, they were unsuccessful because of oxidation of the catalyst to a 
nonconductive state (see below). 
It has been suggested that the activity of the Ti 3Au intermetallic in 
solid form may in part be due to the formation of a nonstoichiometric phase 
of titanium dioxide by the chemical and/or electrochemical environment to 
which it is subjected in testing. The nonstoichiometric form is characterized 
by having a conductivity (TiO
	
= io 
is	
-TiO2 (10 Q-1 cm	
2 2 'cm 1) that is much greater than 
) . Therefore, since the electrochemistry of pure gold 
is reasonably well defined, we have turned our attention to a more detailed 
study of the electrochemistry of titanium, and more especially nonstoichio-
metric titanium dioxide. 
A literature survey of the titanium oxygen system with emphasis on 
the preparation of nonstoichiometric oxides and their resistivity, catalytic 
activity, and electrochemical behaviOr showed some interesting properties. 
Douglass, St. Pierre, and Spieser 9
 report that attempts to nitride 
TiO2
 with NH  in Ar at 900-1070'C resulted in the reduction of the oxide to 
form successively Ti01 96' Ti90 17 , Ti80 15 , Ti7 0 137 Ti2O3 , and TiO with 
the eventual formation of some TiN. This is in contrast to the reports of 
Gilles, Lejus, and Colonguy 10
 where no oxynitride was detectable by X-ray 
analysis. Hollander and Castro 1
 have prepared nonstoichiometric oxides 
of titanium by the reduction of single crystals of TiO 2
 (rutile) by H2 in Ar at 
600 - 1000°C. In this case, the conductivity was measured as a function of 
crystal orientation and was found to be markedly anisotropic; the maximum 
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ratio for the conductivities along the a and c planes p 
a1c was reported 
as 10, 000:1. This fact is used to explain previous discrepancies in 
measured conductivities that were reported in the literature. Dor 'in and 
Tartakovskaya 12
 have reported the preparation of the nonstoichiometric 
oxide by heating TiO with Ti in an inert atmosphere at 700-1100°C. 
Boltaks, Vesenin, and Salunina
	 have used H2
 and CO in the presence 
of C as reducing agents and report material of higher conductivity from the 
H 2
 reduction. They stress that the material prepared from CO and carbon 
contained no residual carbon or carbide. 
Measurements of conductivity as a function of composition have been 
made by Greener 4 , Ariya and Bogdanova 5
 (also as a function of tem- 
perature), Morin(16) , Sawai, Terada, Okamura and Ueno 17 , and Boltaks 
et ai. 13 . The conductivity ofTiO is greatly increased by the incorporation 
of W03 in the oxide lattice 
The catalytic activity of TiO (anatase structure) towards the oxida-
tion of CO has been related to the defect structure by Long and Tiechner 
and to conductivity for oxidation processes by Mysanikov20. 
For titanium metal oxidized in IN NaOH + 0. IN H 0 , Mazza, 
Mussoni, and Trasatti	 describe the black (oxide) coating as 200-300 my 
more noble than titanium with respect to the oxygen and peroxide reactions; 
the black is identified as an oxygen deficient oxide. They conclude, in 
general, that the black favorably influences electrodic behavior. In a further 
paper Mazza (22) attributes the formation of the black in the presence of H202 
to the dissolution of a subvalent ion which subsequently forms the nonstoichio-
metric oxide. Dean and Hornstein (23) have related the oxygen content of TiOx 
to its rest potential in solution, while a survey of the anodic behavior of TiO, 
Ti 0 , and titanium nitrides. and carbides has been made by Smirnov, Ivanovskii, 
and irasnov(24). 
A considerable amount of information is available on the corrosion of 
Ti under widely varying conditions. This is best summarized in the potential-
pH diagram for the Ti-H 0 system by Schmets and Pourbaix 25 . A phase 
diagram for the Ti-Ti02 system has been constructed by DeVries and Roy 
. 
.
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With regard to Ti Au, it is interesting to note that Philipsborn 
and Laves	 have described an induced f3 '-p c phase transition (Cr3Si 
or 3 W type to Cu 3Au type) on remelting in the presence of small amounts 
of oxygen, nitrogen, or carbon; the transformation is described as 
irreversible. 
B. Experimental 
The experimental work described here consists of measurements 
on highly dispersed Ti 3Au, pure titanium metal, and nonstoichiometric 
single crystals of Ti02. 
Ti3Au powder was prepared by grinding glass brittle ingots in an 
agate mortar and pestle and sieving for -325 mesh particles. A porous 
electrode was fabricated from about 50 mg of this powder and 20970
 Teflon 
on a nickel screen. An attempt was made to operate this electrode on 
oxygen in the floating electrode apparatus. It was found, however, that 
the electrode began evolving gas immediately upon immersion in solution. 
The powder, initially gray-gold, turned bluish-black and expanded sig-
nificantly in volume. The currents observed were only nominally larger 
than those of the platinum wire clamps of the electrode holder itself. 
In order to obtain a more coherent electrode for electrochemical 
tests, some of the original Ti 3Au powder was boiled in 2N KOH for 7 hours, 
at which time gas evolution ceased. A BET analysis of the resultant powder 
yielded 133 m2/gm of surface area. The electrical resistance of the com-
pressed powder was of the order of 200 K Q. An electrode made from the 
material showed no gain in performance over the original electrode. 
Chemical analysis of the powder for Au and Ti showed Ti 22.7570 
and Au 56. 370
 by wt. This indicates a loss of 44. 5 wt To
 Ti, if it is assumed 
that there was no loss of gold. The balance of the analysis, taken to be 
oxygen, gives a formula Au Ti1 6504. an oxygen content in excess of the 
Ti02 stoichiometry. 
For the tests performed with titanium, it was decided that a 
Makrides -Stern electrode configuration would be more suitable than the 
. 
.
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"Koidmount" device used in previous tests. The cylinder of titanium 
was machined from (99. 970 ) titanium rod. Runs were made in 2N KOH 
at 25°C in N2 and then 02 -saturated solution; the electrode was rotated 
at 600 RPM; potentials were measured vs. reversible hydrogen electrode 
in the same solution; H 2
-charged Pd-Ag was used as the counter electrode. 
For the experiments with the single crystal of Ti0 2 , a rutile boule 
was bought from the National Lead Company. Its crystallographic orienta-
tion (important because of the marked anisotropy of the conductivity) was 
determined using the Laue X-ray diffraction method, prior to cutting into 
small samples 3/8" square and 3/16" thick for testing as rotating electrodes. 
Two samples were prepared with the working face perpendicular to the 
c-axis, (001) plane, and two with the working face perpendicular to the 
a-axis, (010) plane. The boule as received was blue and translucent, indicating 
that it was in a partially reduced (nonstoichiometric) state. The first tests 
were carried out on the as-received crystals for which the specific resis-
tivity was measured as 23 Q-cm. 
In view of the marked anisotropy of conductivity, it was difficult 
to make good electrical contact with the sample in the Koidmount rotating 
electrode structure. For the crystal with the working face perpendicular 
to the c-axis, a point or ring contact was soon demonstrated to be insufficient 
because of the low conductivity parallel to the plane of the contact face. The 
first approach was to vapor-plate gold on to the face of the crystal opposite 
to the workingface. However, it was found that the contact point broke through 
the gold film on assembly, and no real reduction in contact resistance was 
achieved. Good contact was eventually made when the gold was protected by a 
conducting silver-epoxy cement. (The vapor-plated gold was retained in 
addition to the silver cement in order to be able to remove the epoxy cement 
from the crystal at the end of the experimental measurements. This is 
essential since the crystal is to be reduced at 800- 1000°C in hydrogen17, 
conditions under which decomposition of the epoxy cement would take place 
with possible contamination of the crystal.) 
. 
.
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The current voltage curves obtained for the rotating electrodes 
of Ti and Ti02
 are interpreted in the manner described in the first 
section of this report (Part II Q. 
C. Results 
The first measurements on titanium metal were made with a sweep 
from 1000 to 0 my
 at 50 mv/mm. 02
-reduction current was first observed 
at 400 my
. The diffusion limited current was not reached above zero my. 
The corrosion current observed under nitrogen was of the order of 10-20 
a/cm2. 
In the second run (Fig. 14) the potential sweep was extended from 
-600 my
 to + 1600 my, and the sweep rate was increased to 1 volt/mm. It 
can be seen in this figure that the 0 diffusion limiting current has not 
reached a plateau even at -300 my. Figure 15 shows a rerun of the sweep 
under N2 on a more sensitive scale. Figures 16, 17, and 18 illustrate the 
effects on 02
-reduction of sweeping through different potential ranges. The 
reaction obviously occurs on an oxide layer down to potentials of -450 my. 
The hysteresis becomes greater when the sweep is extended to -600 my 
(Fig. 16), but the surface may still retain some oxide. When the sweep is 
extended to -900 my
 or held at -600 my, 02
-reduction is apparently taking 
place on a clean titanium metal surface, as indicated by the large hysteresis 
and the exceptionally flat diffusion current plateau (Fig. 18). 
The paper of Bianchi, Mazza, and Trasatti 21
 asserts that in alkaline 
solutions of hydrogen peroxide, the "black oxide" is formed in preference to 
the passive oxide film. We examined the behavior of this black oxide in the 
potential region of 02 reduction. The titanium electrode was exposed in the 
first case to 0. 1 molar peroxide solution for 120 hours. The potential (vs. 
RHE same solution) was recorded and the change is shown in Fig. 19. The 
potential rise observed should indicate, according to Bianchi, et al.. that 
passivation rather than "black oxide" formation had occurred. The electrode 
when examined, was in fact a light bluish -gray rather than black. This 
.
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electrode was then tested for 02
-reduction activity; the results compared 
with smooth titanium are shown in Fig. 20. The potential atwhich 
reduction occurs is shifted to more positive values, E 1
 by about 70 my
 and 
E 1
 by about 200 my
. The double layer capacity increases by a factor of 
approximately two. An extended potential sweep is shown in Fig. 21 for 
comparison with Fig. 20. 
In a subsequent experiment the peroxide concentration was increased 
to 1M. An attempt was made to follow the potential change, but measure-
ments could not be made either because of peroxide contamination of the 
reference electrode or because of hydrogen leakage. The electrode was left 
in solution for 20 hours and then tested for 0 2 -reduction activity. It had a 
heavy, adherent black film on its surface. The results are shown in Fig. 22 
in comparison again to smooth titanium. The shift in potential for 0 2 -reduc-
don was 200 my
 more positive, the double layer capacity increased by a 
factor of 25. 
Titanium powder was exposed to 2N KOH at 100°C for five hours and 
then allowed to cool in the solution for 15 hours. These are the conditions 
Sunder which Ti3Au formed a nonconductive (200,000 ohms), black powder, 
as reported above. The bluish-black powder obtained from titanium presently 
has a resistance of 50 ohms. This material was made into a Teflon-bonded 
electrode and operated as a floating electrode in 3570
 KOH at 75°C. Activity 
for 02
-reduction was not discernible, the behavior being similar to that of the 
black Ti3Au. A second sample of titanium powder was exposed to the same 
solution (1. OM KOH, 1. OM H 202) for 120 hours. A light bluish-black powder 
was obtained and was tested as a PTFE bonded electrode in 35970
 KOH at 75°C; 
again there was no measurable activity. 
The current voltage curves measured on single crystals of Ti0 2 are 
shown in Figs. 23 and 24. Measurements were made on both the "a" and "c" 
crystals in the "as-received" condition. As described above the as-received 
crystal was slightly oxygen deficient but from the electrochemical behavior 
the stoichiometry was not far removed from Ti02. 
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Interesting differences are already apparent between the two 
crystallographic orientations. The potential at which a reduction current 
is first discernible (Ei) is 100 my greater for the c-axis crystal (at 375 
my
 vs. RHE) than for the a-axis crystal. The effect of the difference in 
conductivity can be seen in the less rapid increase of current with potential 
for the a-axis crystal below 275 my. 
The two samples were retested after reduction in H 2
 at 1000°C for 
3 hours. The temperature for this process was increased from room tem-
perature to 1000°C in three hours. The cooling time was 15 hours; (these 
times, were necessary to prevent thermal cracking). 
The results for the a-axis crystals are given in Figs. 25 to 30; the 
initial and final runs were at 50 mv/mm; the other measurements to test 
the effects of prepolarization were carried out at 1000 mv/mm. 
The resistance of this crystal (measured with a resistance meter 
across the electrode configuration) was about 50 ohms, which is considerably 
less than the original sample. The reduced sample shows an increase in 
•	 activity over the original crystal. The initial cathodic current is observed 
in the present case at 550 my , compared with 375 my
 observed previously 
(Fig. 23). The sample was subsequently swept through different potential 
ranges in a manner similar to the measurements made on pure titanium to 
check the effect of prepolarization. The results are essentially the same with 
one significant exception: Sweeping to -600 my
 on pure titanium produces a 
clean metal surface and a flat diffusion current plateau on the return sweep. 
This was never observed on the titanium dioxide crystal. 
Finally, a slow sweep was rerun at the end of this series, starting 
at the open circuit potential and going to 1000 m y before sweeping back to 
0. 0 my (Fig. 30). The initial potential at which cathodic current is seen 
occurs at a higher potential, ' 750 my, than that at which cathodic current 
occurs initially, 550 my (Fig. 25). 
- 72 -
SC •X E
- 
-
C bjD 
E 
.
cN II a) 
0 -
CN 
LO
- 
a).. 
U
-,
f.L1 tf•) c..1  
0
Q;	
. 
.	 -4 0 
CC H
a) 
En r-
T 
________ I I
. 
S 
C 
C 
C 
x 
CD 
> 
C 
C 
1) 
C cz 	C	 —73—	 C C 
Lf)	 - I	 I 
C	 -	 - 74	 LI)
I I I I. 
ci) 
co 0
- l- U 
ta)
— 
Cl) >
ci) 
— o 0
— 
1 2 Z ci) 
ID.. '.0 U tn.)U 
-
• 
••Cci)0 
4JEf) H CID Lo CI	 1-I. 
'V 
T 
________ a a a
0 
C 
LI) 
+ 
C C C 
+ 
C C 
C
1I 
C C 
LI) 
. 
U 
S
C 
Cco	 75-	 C ZL Ic) 
I I
C.,'
I	 I 
U) 
-
—4 - C.,10 t_•	 a) 
a;
U) . 
o -	 - 
—
CIO 
E a) 
U Or
N 
C1 
E
a)-' 
.
H ELI) 
V)'0 
.1..
C 
C 
to 
-4 
+ 
C 
+
> 
I1 
C
Cl) 
C 
C 
If) 
I 
I
C C	 —	 - 76-	 11)
I I I 
I 0C 
- O
— 
o .
(N 
CN
- 
co 
U Or' CN 
If) 
H /DCNLL 
tC 
cz LO - 
(ID
I I I
C C 
If) 
-4 
+ 
C C C 
—4 
+ 
C C 
I4 
C
rJ) 
C C 
EU 
I 
I 
I
C 
- 77 -	 C. it) 
\ CN 
U) 
I 0
C 
C 
I U) 
I co o - 
I I.Cz I
- 
I 
I
U r'	 • 
I 'D D0
(I)
bb I
H /)C4 
U) 
I
- 
it) 
cj \O 
Ct) 
_________ I	 I I
S 
I
CF
C C
I 
C C LO 
C Cd C	
-78-	 C C	 —	 Lr	 -.
C C C 
> 
(I) 
>
Similar measurements were made with the c-axis crystal; these 
are shown in Figs. 31 to 36. Cathodic current on these crystals is first 
observed at 850 my, i. e. approximately 100 m y
 more positive than in the 
a-axis crystal. Prepolarization of the electrode in anodic and cathodic 
directions has no discernible effect. 
D. Discussion 
The essential points to come out of the measurements on the single 
crystals of Ti02
 are that the reduced form (particularly the c-axis crystals) 
does support a cathodic current corresponding to reduction of oxygen at 
potentials > 500 my
 and is stable (i. e. does not revert to Ti0 2
 stoichiometry 
during the time interval of the experiments in the potential range of interest 
(600-1200 my). This latter point is well demonstrated by the fact that pre-
polarization to both cathodic and anodic potentials beyond this range has no 
effect on the current voltage characteristics. The anodic (and cathodic) 
currents noted in the potential range 300 to 1000 + my
 with the fast sweep 
method can be attributed to the double layer charging current, both from 
the dependence on the direction of the sweep and the fact that the current 
decays rapidly when the sweep is stopped or the sweep rate reduced (c. f. 
50 mv/min sweep). The magnitude of this charging current indicates a sig-
nificant roughness factor for these crystals. 
The behavior of the black oxide on titanium and the nonstoichiometrjc 
Ti02
 is quite similar and that even if the absolute activities are low con-
siderable increases can be obtained-by modification of stoichiometry. 
Sufficient electronic conductivity exists in the oxide to sustain relatively 
high rates of 02 reduction on single crystal surfaces and on thin films on the 
metal surface when the total amount is small. However, this conductivity is not 
high enough to provide the current paths for the high currents to be expected in 
the finely divided form in PTFE bonded electrodes. This would account for the 
inactivity of the finely divided Ti3Au electrode. 
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One of the tentative conclusions of the survey of intermetallic 
compounds was that the activity could be related to the activity of the 
components. The electronic or geometric properties of the intermetallic 
compound seem to be important only in special cases. It is tempting in 
the case of Ti 3Au to relate its activity to the near reversible behavior of 
gold for the reduction of oxygen to peroxide (02H) and to identify the 
titanium oxide as a peroxide decomposition catalyst. This point will be 
discussed further in the next part of this report in conjunction with the 
related studies of TiAu and TiAu2. 
E. Intermetallic Compounds Related to Ti3Au 
The materials tested are listed below; the experimental methods 
are as described in the first section of this report, except that the tem-
perature of measurement was 25'C. Some of the materials were tested 
previously at 750C.
1. TiAu2 
This material, a brittle intermetallic compound, was tested 
as a rotating disc electrode in 2N KOH at 25'C. The results are presented 
in Fig. 37,
2. TiAu 
The test conditions were as for TiAu 2
 above; the results are 
presented in Fig. 38. This material had previously shown significant activity 
at 75°C (Fig. 39 ) but with a much reduced corrosion rate compared with TiAu; 
this needed confirmation. A comparison of the results is given in Table XIV. 
3. TiRh1515	 - 
The test conditions were as for TiAu 2
 above, the results are 
presented in Fig. 40 and the previous measurement is shown in Fig. 41 for 
qualitative comparison (75°C vs. 25°C). 
0	
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TABLE XIV 
Activity of Titanium and Related Intermetallic Compounds 
Capacity 
E 1
 (mvP E. (mv)(2 .	 iL(p.a/cm2) jif/cm 2	 Corrosion 
Ti3Au	 810	 910 698 69.8 some corrosion 
Ti3Au*	 840	 900 1050 164. particularly> 800 my 
TiAu	 745	 925 746 50.7 
TiAu*
	 800	 860 833 56.7 
TiAu2	 725	 800 665 46.8 some corrosion 
>700mv 
TiRh 15Au 1	 825	 920 658 225. v. small 
TiRh	 sAut 5
	
570	 790 1296 109. v. small 
TiPt	 820	 870 882 132. 
TiRh3	 610	 920 1266 129. 
TiRh	 460	 670 1366 116. 
V3Au	 Corrodes rapidly for E = 400 my 
Nb Q Au	 (825)	 (910) 582 - significant 
corrosion rate 
Pt *	 845	 925 1350 115. 
Au	 785	 900 (1340) 96. 
Rh	 544	 675 1370 340. 
* Previous measurements (at 75'C) 
(1) E 1 -half wave potential 
2 
(2) E i -potential at which initial cathodic current observed 
(3) Low E1 value due to high anodic starting potential forming a thick 
2 
oxygen film not completely removed during the initial part of the •
potential sweep.
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.
4. TiRh 
This material was tested as TiAu 2
 above; the present and 
previous results (75'C) are presented in Figs. 42 and 43, respectively. 
5. VAu and Nb3Au 
These materials were tested as rotating disc electrodes in order 
to compare their behavior with Ti 3Au. The results are presented in Figs. 44 
and 45.
6. Ti3Au 
A sample of Ti3Au was rerun at lower temperatures. 
The results are summarized in Table VII and Figs. 46 and 47, 
including earlier work at 75°C. The activity is lower at lower temperature, 
as expected, except for Ti(Rh1 5Au1.5 )  which now shows a half wave potential 
(E 1 ) 355 my
 more positive. This however is not a temperature effect and is 
probably due to a thick oxide film formed in the earlier experiments by the 
high starting potential. 
For the three titanium gold compounds Ti3Au, TiAu, and TiAu2 , the 
E values (8 10 my, 745 my and 725 my
 respectively) decrease as the titanium 
content decreases. If the principal electrochemical reaction is 02reduction 
to 02H on the gold component, then the titanium content limits the accumulation 
of peroxide in the solution in the immediate vicinity of the electrode. The effect 
of peroxide is to establish a potential between the reversible potentials of the 
02/0H reaction (1. 23v) and the 02/H0 (0. 75v) reaction i. e. a less positive 
potential (increased polarization) for increasing peroxide concentration. 
TiRh 1 5Au 1 is of particular interest since the Rh/Au combination 
has the same electron density as TiPt 3 . The comparison of Au/Ir is not 
possible, and the Rh/Au can only be compared as the titanium intermetallic 
because Rh and Au are not mutually soluble to any great extent. When 
TiRh 1 5Au 1 is compared with TiPt 3 , it can be seen that the half wave 
potentials (E 1) are identical but that the E value is larger for the rhodium 
gold intermetallic (920 my compared to 870 my). This behavior is closer to 
that of the titanium gold series than to that of the TiPt3. 
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V3Au and Nb3Au corrode too rapidly to be considered as practical 
catalysts. TiRh shows, 	 initial cathodic current at 920 m y, but the E1 3 2 
value at 610 my
 is well below the titanium gold values. 
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III. SILVER-MAGNESIUM ALLOYS 
A. Introduction 
We have tested silver-magnesium alloys under similar experimental 
conditions to those described for the gold alloys. The principal reason for 
this was that Beer and Sandler (28) have examined these catalysts for the 
oxygen-reduction reaction silver, with different surface pretreatments, and 
have reported improved performance for a 1. 770
 Mg:Ag alloy. This was 
considered to be related to its enhanced secondary electron emission. This 
work did not include a determination of the real surface area of these materials. 
A comparison of the real surface areas of Ag and the alloy was carried out 
in this laboratory in conjunction with activity tests on these materials. 
B. Experimental 
The silver-magnesium alloy was obtained as foil from Handy and 
Harman Co., New York, and silver foil was purchased from Williams Metals. 
The foils, welded to an Ag-wire and sealed in glass, were polished to a 
bright finish with alumina and tested in a rotating electrode cell as 1 cm 
by 1 cm squares. 
C. Results 
The current potential curves for these materials are shown in Figs. 48 
and 49. A comparative figure for the real surface areas of the Ag and Ag:Mg 
foils was obtained from the ratio of their double-layer capacities. The 
capacities were measured with a 50 m y triangular sweep at 400 and 700 my 
at the beginning and at the end of each activity determination. The ratio of 
the real surface areas ranged from 3. 2 to 6, the Ag:Mg alloy having the higher 
surface area. A series of experiments at different sweep rates showed that 
the surface was substantially free of adsorbed impurities. 
A comparison of the potentials at a current density of 200 jia/cm2 
(corrected for the difference in surface roughness), where there are no mass 
transfer limitations, shows no greater intrinsic activity for the Ag:Mg alloy 
(Table XV).
.
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90C 
80C 
I (ma/cm2) 
1.0	 2.0	 3.0 
2N KOH, 02, 25°C 
Sweep rate 200 mV /min 
E vs. RHE 
\.
Current Scale xO.l 
N
N
-__-
\	 --,---------------
-
\
\ 
C
70C 
60C 
\ \\ \	 Capacity	 Ag/Mg 1120 1iF 
\ \\\ \ \. k	 -•- Ag 1.7%Mg \ \\\	 Ag \ \\\ \ \\\ \.
\. 
\ \ \\
	
Fig. 48 Ag/ 1.7 Mg and Ag 
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C
i (ma/:---m 2 ) 
1.0	 2.0	 3.0 
.
SI' 
EmV 
800 
.
700 
S
2N KOH. 75°C 
Sweep Rate 2O0mV/ 
Double Layer Ag	 230 AF 
Capacity Ag/Mg 1080 1iF 
- - - Ag 1.7% Mg 
Ag 
\'\ 
\\
Fig. 49 
\j \\
Ag 1.7% Mg and Ag
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TABLE XV 
Comparison of Silver and Silver-Magnesium Alloys 
E vs. RHE 
Ag	 Ag:Mg 
25°C	 1 = 200 pta/cm 2*
	 863	 858 my 
75°C	 1 = 200 jia/cm 2*	 900	 880 m 
* Corrected for difference in surface roughness. 
.' 
S
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IV. OSMIUM AND Pt/Os ALLOYS 
The initial measurements on osmium showed a low half-wave 
potential but an initial cathodic current at potentials more positive than 
the initial current with Pt. 
More extensive tests were made at 25° and 75°C to explore this 
behavior in more detail. The measurements made are reported in Figs. 50 
to 54. The half-wave potentials (at 370 my) are in good agreement with 
previous results, but the cathodic current close to 1000 m y was not 
observed in any of these measurements. We can only conclude that the 
initial results presented in the Fourth Quarterly Report were misleading. 
A Pt/Os 80/20 alloy (after careful annealing to insure uniform com-
position) gave results that were identical to that of Pt. Similarly, electrodes 
prepared from a coprecipitated Pt/Os 80/20 black gave performances 
(Figs. 55 and 56) that were typical of Pt electrodes prepared in the same way. 
.
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V. SINGLE CRYSTALS OF SILICON CARBIDE 
A. Introduction 
Single crystalline 6H-a -silicon carbide most frequently grows 
in the direction of the c-axis, and consequently the largest surfaces will 
be the {0001} planes. These surfaces are monatomic, one side showing 
silicon atoms and the opposing parallel surface only carbon atoms. The 
surface composition is unalterable (by polishing or grinding) in a direction 
perpendicular to these planes; consequently, it should be possible to 
prepare a monatomically surfaced sample of SIC by cutting and polishing 
a platelet in a direction normal to the growth direction. The electrochemical 
behavior of SiC prepared in this manner will exhibit equal or different 
characteristics, depending on the relative importance of continuum or 
atomic properties of this catalyst. The actual orientation can be verified 
by observing the etch pit formation obtained in CIF 3' 
B. Experimental 
•	 A piece of silicon carbide was obtained which exhibited one flat 
face and appeared to be a single crystal throughout the area of this surface. 
The polycrystalline material extending parallel to this face was cut off; the 
opposing side was ground parallel to the flat surface and polished. One side 
of the sample was then vapor-plated with gold and topped with highly conduc-
tive silver epoxy for optimum electrical contact to the silicon carbide. The 
sample was then mounted in Koidmount and tested in the rotating electrode 
assembly in 2N KOH at 25°C. The same procedure was used to mount and 
test the opposing side of the crystal. When the testing was completed, the 
crystal orientation with respect to silicon and carbon was determined by the 
etch pit formation in CIF 3; (the silicon side shows hexagonal pits). 
C. Results and Conclusions 
Both surfaces, carbon and silicon, of the SiC crystal showed activity 
for O2 -reduction. However, there are some differences between the two 
surfaces which could be related to the surface composition. The open circuit 
.
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potential, though not a completely reliable parameter here, is higher 
on the carbon side of the crystal (700 my
 vs. 500 my). The initial 
cathodic current on the carbon side is observed at 525 my
 vs. RHE, 
compared with 375 my
 for the silicon side. The cathodic current at 
0. 0 my
 is 34 ja for the carbon side and 15 .La for the silicon side (same 
geometric area on both sides), Figs. 57 and 58. The sweeps made at 
50 mv/mm, from which the above data were taken, were started from 
the observed open circuit potentials. The subsequent sweeps, run at 
500 mv/mm, show the effects of sweeps between different potentials 
(Figs. 59-64). For example, the effect of sweeping to 1000 m y is 
different for the two sides of the crystal; On the silicon side the activity 
is increased in the subsequent down sweep, whereas the activity on the 
carbon side is somewhat decreased under the same conditions (Figs. 59 and 60). 
These differences suggest that for SiC continuum factors are not 
the dominant factor in the rate of reduction of 
. 
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VI. BARIUM TANTALATE 
Figures 65-68 show the results obtained on a sample of BaTiO3 
in gold supplied by the University of Pennsylvania. The main charac-
teristics observed were those of Au. The sample, a solid cylinder, was 
tested as a rotating disc exposing only the base of the cylinder. Both 
faces were tested. One side (Figs. 65 and 66) shows basically Au behavior 
with some corrosion. Under N 2
 (Fig. 67), the other side showed large 
residual currents which will be further investigated. Under 02 (Fig. 68) 
the behavior was essentially the same except for the addition of the 
cathodic current due to 02 reduction on Au. The University of Pennsylvania 
will be approached to obtain pure BaTaO3
 (without Au). 
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C SECTION 3 
INTERSTITIAL COMPOUNDS OF GROUP VIII METALS

(POROUS ELECTRODES) 
I. BUREAU OF MINES' CATALYSTS 
A. Introduction 
The carbides, nitrides, carbonitrides and nitrocarbides of iron, 
nickel, and cobalt are an interesting group of catalysts many of which 
have been investigated in detail in connection with the Fischer -Tropsch 
reaction (29) Because of their metallic properties and their possible 
enhanced resistance to oxidation as compared with their parent metals, 
this class of materials presented attractive possibilities as oxygen reduc-
tion electrocatalysts. Measurements with porous Ni 3C electrodes des-
cribed in the previous section showed very high activity for 02-reduction, 
at least for short-term measurements. In addition, initial measurements 
on an iron rod carbided on the surface demonstrated that iron carbide had 
a somewhat higher activity than pure Fe. 
A range of interstitial compounds of Fe, Ni, and Co in finely divided 
form were prepared by the Bureau of Mines as part of a cooperative program. 
A total of 178 electrodes based on these catalysts were tested at Tyco. These 
are listed, with a guide to their activity and corrosion resistance, in Table 
XVI. Several samples of Ni 3C were also prepared in our laboratory; these 
are listed separately and discussed later. 
B. Experimental 
The testing of highly dispersed catalysts presents many problems that 
are not experienced with the testing of solid electrodes. These are discussed 
in detail before the presentation of the data on the interstitials, because the 
interpretation of the data depends to a great extent on an appreciation of 
these problems.
S
- 128 -
GOl 
DI 
E .-
0 
.
0 
00 1 I 0 0 0 0 
cz 110 I - -
- -IV CfD 
— 
cz 
c>I 
EE I 
LOI I 
cli
I I I I I I 
CO) 
—
ci)
II 
1.1.1 c rzl * * * * O	 .0 HI C 0 0 0 0 ON C 0 — — - _4 — — 
H
C4l 
C.)
 
0 0 0 0 C C 0 
bdc ? ' ' 1 
(UI 
°i 0 CO G) C/) (1) 0 C/) Q) 0 C/) 1) 
>.
l
> z > 
C.) 
0
Cl)
k 
'I 
CO
Q.) 1) 44 
+
+ 
c 0 C.) 0 
) (1)
Cl) H Ci 0 44 • I I I
w
cli Q 
• .- 
C.)
•_4 
C.)
.- 
0 0
.-
- 
0
_4 
.-
0 0 0 C.) — C4 CN Q -
0 
cri 
I1 
* 
- 129 - 
-4
—4 C) 
Cl)'
co — —4 
II II 
•	 El bO 
E 
•u
f14 fl-4 
.	 C-)
00 It'C 	 C) C	 C 'C	 C C 
CC 6 co 6 00-	 c'.i 0r5 c'.i 'cS cr5 r	 'tcli 
L()	 L()	 (N	 —4	 1-4 
(N
o C 
tf 
Ci N
CN
0 C 
Cl) 
— 
.
r.
* C O * C C * C * C Q O\ * C * C CCC * * C * C * C * C 
— 
H E1CC jccf 
a)' 
°i
Cl) 
a) 0 Cl) (l) 0 Cl) (1) Cl) a) 0 0 Cl) (1) Cl) (1) 0 Cl) Cl) Ci) Cl) Cl) a) (l) Cl) Cl) a) Cl) Cl) 
l 
—I Z Z Z • z (N 
ul
a). a)
b13 
-
-
bO bO 
CI + + + 
ol Z Z Z Z zz
Z 4 
a) co a) CY)Cl) (N co ci CO CO (a) 
I
I Cl) Cl) r;L1 a) 
I 
'4) I '4)
-
I
J' '4) '4) IW IW 0 
01 - cli  .-Q Cj ' .
.
' -
-
z z Z 
I ZZZZZZZZZZZc[f)'C S CN CN Ln 1') 'C '0 'C 'C O\ — — I
- 130 -
Cl) 
ci) 
0I . . 
cCp ciS
	 Cr:;	 cyi	 d	 c	 tr:;
 
cI
0 
C.'1
00
Lr
Cc r-
Cd
oo1 0I 
C'l 
riD
cI o U
cd
1I4 
6R 44
* 0 0 * 0 * 0 0 C * 0 * 0 * 0 * 0 * 0 C Z E-4 I - - — - - - - - - — - 
.-
NO 
ci)1 
01
(/) 
0)
Cl) 
CL)
Cl) 
(1)
CO) 
(3)
Cl) 
(l)
C/) 
(1)
co 
0)
ca 
(1)
CO) 
0)-
() 
C))
C/) 
Cl)
U) 
0 
+ 
o 
co u 
Cl)
w 
— 
c + + 
Cd >< >< < >< >< < 
o
w w w CD x CD 0 
I
..-
.. 
•_.(
.-. 
.-
__ 
.- .- . .- '-
< 
I
z z
0 0
 0 0 0 0 0
0 
z
— 
'< 
.
— I z z z z z z 
I
'-
- C1 CNI C'1 C4 Cl) ' If) 'O N N *
- 131 - 
(ID' cD - c) 
II II II 
0.)
btj bjD bO 
.
01 
0J
0) (l) Cl) 
oci all
. .
© \0 
cj0I 
4JI
— N
—'
Lf 
cd 
Oct 
tt-1 
cNI (I 
Oct 
ci cCI 
CO) 
0 - .cI 
0 
- ><
0
44
c c
* 
c
* 
c
* 
c
* 
c
* 
c
* 
c
* 
c 
-
r. 0
CNI 
H
bc 
0)1 
O 0
Cl) 
(1)
Cl) 
Cl)
(1) 
(1)
(1) 
(.1)
C)) 
u
CO 
Cl)
U) 
(3)
Cl) 
()- 
Z 
i
bID bID bID 
(1)1 + + + 
CTi I < c'-i
< 
CN
>< >< < ><
< >< 
ci 
01
-
114
0) 
124 FT4 V-4 44
Q) 
f14
- 
01
cd 4-.I 
0 ' z z z z z z .
0 0 0 0 0 0 0 0 0 
— I - CN C14 C) 'C N CO 0\ —
*
- 132 - 
— co co co —4 - 
ii Q)
bO bO 
-.--,.- -.-.-
0 L) 41) U 
.
c.'1
00 
0 110 
Cd 
(N
00 
C13 CN 
u I-10 
4-J C14 
0 71 
cis 
Cd
C
(N	 C' 
C' 
*	 *	 * 
tf	 C 
-4 
0 0 0 
(N (N (N 
0	 0	 0 
z z z 
LN (N 
bO 
+ 
C) 
0 
Q) 
o U 0 
— (N
- 133 - 
S 
S 0 41)
0 
> 
* 
C') 
Q) 
E
LO (N (N C Cl) \O tr 
0 0 'C Cl) 'C (N Cl) 'C ' 
—' cc) Q ON (N 
'C If) Cl) C - Cl) . . 
4-1
ct It) "C N
Cl) 
—
. (N
 
0 0 CN
 
EE 00 (N. ' 00 
• f) (N
(N (N C6 
'-.
If) 
.
Cl) 'C
 Cl)
If) 
— c N ••- •1 'C 'C C '0 cc) — —r 
E
N 
—4 . Cl) Cl) (N - Cl) (N Cl) . N 0' Cl) 
(Ti 
— (N 
o 
o
00 
- 7-1 CTi0\ 
4 — 
cis C131 
Cd 
CTJ 
•
CO
Cc) 644 
H 0 0 0 (N C 0 0 0 0 
-
— 01 . . . . . . 
-i 
b
N Cl) —4 N If) If) 'r '0 (N Lt —4El) Cl) r Cl) Cl) Cl) Cl) Cl) 
(U
C a) Cl) CD 0 Cl) (]) Cl) C]) 0 Cl) 0 C') (I) Cl) C]) 
z d Z Z > > >-
0 bC 
— 0 Cl)
.
z
Cl) 
cli Z Cl)
—4 
Z 
C]) 
U .
(Ti 
.-i •
cTi 
..
..Q
.
—. 
0 .—
 
—4 
— —4 —4 (N Cl) (N Cl) Cl) Cl) 
O
< <
- 134 -
U) 
Cl)
CN
—4 
C'
'C 1.l
— C - 001 X) '.. C) I!) 
CN (-'1 If) 
cI 
o © 'C 'C
c
r 
—
C 
r
C'1 
ci
CN 00 IN LI)J 
cj r
'0 C
-.. '0
C c'i
- C c'i 
E 0 C I 
If) 
cS
i 
00 1
- 
Cc C\
co 
5555.SS N - If) 'C ir: 
CN - — 
' 
ur
(5j
It 
0 0 
S L1J 0 clq 0 0 0 0 0 C C 0 0 0 C H clq C5' N C14 co co c c co 
CN 
H 0 c C cC C C C 
co 'C C?) t?) 06 - 00
— C I co 11, C?) co co co CN C4 c?) — C5, CN 
0
U) 
Cl) 0
Cl) 
Cl) 0
co 
Cl)
U) 
(1) 0
U) 
(1) 0
U) 
Cl) -O
co 
Cl) 
>_l Z Z Z >- Z > Z 
4JJ 
co bO
- 
-ict 1 C?)
-
bO 
•<
.- •< -
•<bo 
- -
- 
Oj 
I
Z Z
.-
Z Z Z 
Cl)
-S -S • 0  .S.
._l
co 
.-.. 
.1  Q1 
4mi LO 11) If) - — N - N 
-
- C'1 C' 
— 
.	
1.L
- 135 - 
1
Cl) 4JI
()(1) 
01 
•
0 
c.I C 
o C I -41 00 C' •l cx) 00 -4 Er) 
c i -4 N. CN NV 1-4 Cr) . Cr) 'C '.0 
ci '.0 1-1 -.'. -- - . 
- '0 C' Er) 1114 00 C'. . Cr) Cr) C' 
Cd
CN 'l Er) C' Cy') '0 C ' - 
- 
El) u I If) C ' C 
Et) i . CN --I --f 00 C'. C'. C' 
c	 r- i •'- Cr) -... ..- . CN 
-.
Cl) ' N '.0 C . C '-0 
Cc —I '-4 Cl) 4 (N C —4 —4 '-0 
(N 
cri OC I I I I I I I I 
0 —C
I I I I I I I I 
C13 C' I I I I I I 
o 
o cli 
C-) 
>< z 
L1 C C C C Er) C C C C C C 
0
(N (N — (N '- - —4 —4 '-4 (N (N 
Cl) 
0) 
H
- _oI
Er) It) 
­4 C' CO CO C C' CO If) N- C C' 
0
bJC 10 ' '.0 '0 N Er) Cl) Er) '0
2I CO) C/) Cl) 
01 0) 0 0 0 0 0 0 U) 0 CI) 0 
z . z • z z z z z z 
0 
0 0
0 
0 
- C I Cl) •_
(N 
0 
Cc Z 0 Z 
01 
0)1 .-. 
I -
.. 
•- : > - •- — S.-. • Cu 
'-' I •-' .-, -.--. '-.- ..-, '-- .- - '-
I 0 0 0 0 0 0 0 0 0 0 0 
O
I C' C' C' C' C' C' C' C C E() It) 
_I (N (N (N (N
- 136 - 
• coI Z 
E- 
• - - - 
Q) 
Q)
co 
cI oci Er) 
—
co
- CN
CN 
N
C
Cl) Er) 
cj 'CI •••• 
'0 —4 Cl)
- 
'C) - -•-.•-- --1 
'0
-,-- - (X) 
cI
CC14 1-4 - — -
— N co co
• 0 
•- .-•l
•°
C-SI 
'0 C
- Cl)
CN
Er) 
—
' 
'_4
Cl)
— 
-
N 
Ct N 1
C 4
— 
-.
ci ct
.
0 C s—.. . 
co
-.-.
' r
CIA 
Cd
- '0 It N c N CN — — — - 
0C cli 
0 0 . •
cri 
1•Ii
o 
Cl)
c 
Cl)
c, 
Cl).
o , 
CSI
c 
C-SI
c ('4 c C-SI
.
c (N C ('4 c C-SI 
C%4f . • — — 
I . © . C C C N I 
o
Er) —4 Er) 
Er)
0 
Er)
- 
'C)
0' 
Cl)
'0
- 
Er)
Cl) 
O
If)
I 
I 
0 1
o o
co
0
C/) 
a)
Cl) Cl) 
a)
U) 
0.) 0 0-
U) 
0) 0 
Z Z > Z Z Z Z 
•0i 
—u 
'-I 0 Q • .-4 0 Q
. 0 Z Z 
0
- 0
- + + C1 
cyi
Cl) Cl)
 
°i Z Z
z
.
•_l) . 
Cl) Z Z 
Q)
cli
cj cj
.Q
Cd co 
I
•— •_-I -- . . .- .- •- .-
•_4 •_4 
0 C) C) 0 0 0 0 0 0 0 0 0 0 
.
I 
— I
'0 (N '0 (N '0 ('4 O ('4 '0 (N C (N . N (N N CN N (N N (N (N CO (N
- 137 - 
U) 
a) a) 
• 2
• If). If) if) if) C C 
• C • • • C 1!) C 0 '0 0' C4 —4 Co If)
 
N If) If) C If) 0 If) If) l N 
Cd
C co 00 C4 0 If) N C'1
- 0 CN Co LO '4
If) 
'C 0' • If) N 
• • 0 o c' CN 1-1 C' —4 C C'1 If) If) If) 
- If) . - -.. -. • • Cl) CN 
Cl) 0\ Cl) - If) If) If) N C CN Cq 1-1 -. 
• 0 • C -. Cl) C - • C • - • (N • '-' • 0 C (N Cl) ON 0 
(N
0 
c0\ 
4-
Cd 
0 
o
a) 
— cd 
Cd 
W
0 0 0 C C C 0 
z cq (N
C C C C C 
Clq
C C C C 0 C C 0 0 0 C C 
ad cli C5 o' 4 C5 1 6 cq tr 
be Cl) (N v (N (N Cl) (N Cl) (N (N Cl) co 
a)
0
co 
a)
CO) 
a) 0 0
U) 
a) 0 0 U) a)-
Cl) 
(1) 0
d1 U) 
z - z z z z :> z 
-4
0 0 
Ul
•-I 
1 I -
- 0 - .- •- •. Q 0 0 0 0 Cl) Cf) •- 
o
• _4 
z
•- 
z
.1-4 
z z
•- 
z 
0 0 0 0 00. 0 0 0 0 0 0 0 
W
- 00 
(N
'0 0 '0 '0 C C C C C — - Cl) Cl) Cl) Cl) 
- 138 -
a) 
CO) 1
o 
- . 0 
E - - 
- -
- 
-
- 
-
- 
-
- 
-
- 
-
- 
- Q. 1-' tt 
Q) 
Q) N .
0.) 
a) 
cd 
Cl) Cl) 
0 0 0 '0 
E 00
 
LO 
-
- LO N N C' ' 
- co co LO
'C 
Cd 'C I N co If) • 0 - N '-4 CN - CO cU • 1-4 LO C CO 1-4 CO 1.4 CN co N '1 C1 — - 
LO C' LU 
LO 
00 U') co C C' 'C 'C C 
LU C' NO co - - cq —' if) CU 
c NI LO -'. .. 00 -.... -. If) -. . LO
0 LO C CO -.. C"l 'l • CO co C.1 . co 
' 
CI
C' co ' C11 -4 '-4 co --q C-1 C"1 C C" 
If) 
C\1 cc 
0 j
-4
CO 
if) 
cC'I _ N CO 
4j 
r.
4-j 
cI,
–4 
•
0 0 C 0 0 C 0 0 0 0 0 0 0 
j
co co CU co co co co co co co C" co co 
CN
C00\ 
0
00 0 LU C"I C
CN 
.
r-
- 0 CU C 'C 
-4 
C"1 — 1-4 1-4 if) 0" '-4 04 C'1 C'1 
Q)' 
01 0
Cl) 
0) 0
Cl) 
a) 0 0
co 
a)
C/) 
a) 0
Cl) 
a) o o 0 
I Z Z Z Z '- Z Z Z Z 
—I
() 0.
0 
CO
0 0 
— 
cI bD bjD 0 - - - - bO
0 Cd 
0 Z
1-1 co 
Z 0 CU Z Z Z 
0)1 
-	 I ci C
C 
- c ,.Q . . cj c ct 
I
'•-' 
•
•,—1 
•
•'	 s 
•—i
•,-( 
• •-i
S •
•.-i
• 
•—i •' • ' • . r •	 - -' • S • - 
4- 
0I 
a)I 0 0 0 0 0 0 0 0 0 0 0 0 0 
— I LO LO 0 0 C 0 co CU LO LU 
LO LU LO LO LO LU LO if) LU
- 139 - 
C,) 
1-J 
Q) o - 
•
o 
c'.1 0 L 
cq 
o Cl) — Cl) 
cC L() to 
C' C-'1 
- Cl) 
Cd 
00 0 
ILO - to) 
ctN ••-. Cl) 0 CN 
al
— C!) co 
cli ON 
4. 
C 
C.) 
—4 
>< 0 0 0 
Cl) Cl) Cl) 
C'I 
H co 
01
0 Cl) 
UO C'.I • - 
1) &) 
Q) 0
CO) 
Q) 
z 
-4
C.) 
4-I 0 0 CI)I 0 
— 
cis .
 - ZCI) 
o
al
..-' .-
•
Lr) 00 00 
LO Lf) to
- 140 - 
co 
' a) 
co I
a) a) 
E bb 
•
Q)I U)... 
01 -a) O) 
U) CJC1) co 
c'I 
0 CI If) C'1 co 00 If) I co  c	 0 N If) -.. . N Cl) co . . 0\ N Cl) N 00 
Cd
C C N 
C1
0
If) 
o C — 
-If)I 8 c — -4 -' C'I M r- i - - - - co 
-. C . C ' 00 - If) E 4J 00 -4 C C co 4 4 
— 
Cd CN	 rI 
o OCI Cl C0\f 
'3 cJ 0 — 0 
..- 0 
• 4-4 TI C C C C C C C C C C C C CO) cq - —4 C9 C'4 CN CN CN CN C4 Cl) 
Q) 
: CN 
H I ' ' if) C C C C CN N C'1 C 
Cd 0 if) N If) 6 \C CN C\ C\ Cl) Cl) 
It LO 1 Cl) If) If) if) l If) (N 
z
a)I 
1_'i 
01 a) 0 0 a) 0 a) a) a) C U) 0 0 
Z Z > Z Z Z Z 
0 0 0 
Z Z Z o 4J1 0 0 0 Z 
0 0 - 0 0 0 0 
cI Z
Z
- Cl) 0 Z 
4J Cl)
Z Z
--
Cl) 
01
Z 0 Z Cl) Cl) Z Z 
U)
I
Cj 
-. .,-1 Cd •( Cd- .•,-4 C13 -. 4.—, -...- CTS -' .- - 
01
._ 
'-'
._ 
'•-
.,-1
 
'-
s_- •._- '_- ..-.- ..,-
. 
'_,
.- 
'-
. 
..-
-I 0 0 0 0 0 0 0 0 0 0 0 
O
01 Z Z Z Z Z Z Z Z Z Z Z CDI z 
— I -
— (N (N Cl) Cl) If) If) If) \0 C 
I ' ' (N
- 141 -
0 
i co
I - - 
•
El 
01 
L)i
I!) 
CN If) vi to If) 
0 C 1-4 if) CN If) 
1-10 i to to) 
C \C if) tO) - c © 
E —. - - co c - 
Cd
'.0 c .—  
)
o C C N
C 
c
i LO 
- C 
tf) • • . .. 1-4 . - 
C N1 - co tO) 'C If) tO) C •-. —.. 
I
•
'' -
• • (N c'' C 
N
-. 
0'. - cd 
C•1EI 
u j tO) 0'. 
It) 0'. 
0 
•
C C C C C C C C C C C C C C) CO) C) CO) co Ct) Cl) Ct) co Ct) Ct) co ci 
IC C C Ci C C C C (N 
Cl) 06 N C if) (N Cl) 'C C C C bo (N (N (N - Cl) (N Cl) (N (N - C%4 cq 
El
Cl) Cl) Cl) Cl) C/) Cl) Cl) CO 0, Q) 0 )) CU 0 CU CU 0 CU 0 CU 0 
z z z z z 
0 0 .0 0 
Z Z
z z 0 
bO Z 
0 
CO
0 0 0 0 0 
Z 0 0 0 
Cd Cl) 
•- - -'
- 
•- - 0 Z 
cI
Z Z Z Z Z 0 
Q)I
Ct 
•
C
Ct ..Q
s M
ct 
.
-
co cyj cli - 
. I
•- _-4
.- 
•-
. 
.-
—' 
•l
.-
.- 
._ .-
-I 
•_4
-. 
.- •_-4 .- .-
bl o 0 0 0 0 0 0 0 C.) 0 0 0 0 
•
z z z z z. z z z z z z z 
—' (N N N N 0' 0'. 0'. C C Cl) Cl) N '.0 (N (N (N (N (N (N Cl) Cl) Cl) Cl) Cl) Cl) 
-142-
.C,) 
Q) 
0 
0
0 
a) 
ci) 
ci) 
Cl) 
CN
00 
C13 '0 
Cd 
c'.1
00 
ca N 
Cc
Co if) 
Co - 
If) 
Cl) 
00 
c!j C' 
cli 
0 
0 
.
1-LI 
o LT-1 0 0 
Co Co 
clq
El N 
01 
El 
El)
0 ci) 
•rj
0 
4j1 
CO) 1 
cli 0 - 
- 
cli 
ul Z 
Co 
a)i
0 0 
0I Z Z 
1LU
N 
Co
N 
Co
- 143 - 
0 I CO)
ci)
 
41 .5 0 ci) o
L) 
C
r- 0 C —4 Lie) C 00 C 10 mq 
ct -... Lt) LO LtD 0 C 0 
LO C CO Q\ C C 11) I Cd 
(I) 
0 C14 C C 001 N \0 cq C C — CO C1 
ci N C 
CtD C c) 1!) 0 C) CD 
Cd 1 'I
CO 
Cd 
B 
•
-cj oci CI 
.-' Cc 
tz • cI 0 
S
Cd
0 0 0 0 0 0 0 0 
H 
4-J C14 
H
cd
'-4 ltD '0 Cl) LtD N C Q'
C .1 CN '0 C114 C'4 
CO • - —' C'l '-4 C'.1 
— 
o 
k
4-1 U) U) U) CO 
0 0 0 ci) ci) 0 ci) 0 ci) 
z z z z co 
CO) 
C'1 
0
.1-JI 
COI 0 
0 
Cd
-
- - 
cI Z 
O ld) Z 
(U'
c
-Q 
.- .- •_-4 .-
S
0 
— C C C C co Cl) 
EU if) LO EU If) LtD If) if) 
- 144 -
The high area surface of a catalyst is not used to its full 
advantage unless the electrode structure into which it is incorporated 
offers good mass transport characteristics to all regions of the sur-
face. The plastic (PTFE) bonded electrode (30)undoubtedly comes closest 
to realizing this objective for a practical catalyst. 
In these electrodes the catalyst is mixed with a dispersion of 
PTFE and spread on a nickel screen. The effectiveness of this structure 
depends on (a) the hydrophobic nature of the binder to provide gas contact 
to the interior surfaces of the electrode and (b) the porosity of the catalyst 
(the pores fill with electrolyte by capillary action) to provide electrolyte 
contact at all the reaction sites of the surface. Thus a catalyst of good 
intrinsic activity, in a highly dispersed form, must also have a pore 
structure conducive to the mass transport requirements of normal 
operation. 
In more detail, most of the spaces between the agglomerates are 
wetproofed by the PTFE dispersion and provide good gas transport; 
•	 some remain hydrophillic (depending on the To
 
PTFE in the catalyst mix) 
and permit electrolyte penetration in depth into the electrode. However, 
contact between the electrolyte and a large percentage of the catalyst 
surface depends on a network of fine pores (pore diameter < 500 A) 
in the catalyst. These do not become wetproofed because the particle 
size of the PTFE dispersion ('. 0. 1 i) is larger than the pore diameter. 
Even with a catalyst of good activity and ideal structure, the per-
formance of a PTFE bonded electrode can vary with its method of prepara-
tion. The main variables are the percentage of plastic binder, the sintering 
time, and the sintering temperature. The distribution of the catalyst binder 
mixture on the supporting metal screen can also be carried out in several 
ways. Before the Bureau of Mines' catalysts were tested, a familiarization 
program was carried out with platinum and carbon to explore these variables. 
Brief details are presented below. 
.
- 145 -
S 1. Effect of Manufacturing Techniques on Performance

of Porous Electrodes 
a. Platinum Electrodes 
Platinum electrodes were prepared by spraying, 
brushing, spreading, and rolling methods. All preparations to date 
have been made with approximately 3070
 Teflon, considered from 
previous work to be optimum, and a Pt loading of about 10 mg/cm2. 
Deviations from the 10 mg/cm 2
 loading are due to uncertainties in 
the expected loss of material for each fabrication method. All elec-
trodes are cut from larger pieces to 1 cm  for testing. 
b. Catalyst Distribution Methods 
(1) Spraying Technique 
Electrodes numbered 1, 2a, TR-1, TR-2, 
TR-3A, TR-3B, TR-4A, TR-4B, TR-6, TR-7, and TR-8 were sprayed 
with an air gun to determine the relation between loading and spraying 
5	 techniques. Electrodes 1 and 2a were prepared on 100 cm  of screen, 
and 5070
 excess platinum was used for a projected 10 mg/cm loading 
after losses. These electrodes were sintered at 260°C and had 10 mg/cm2 
Pt. Electrodes TR-1, TR-2, TR-3 and TR-4 were prepared on 36 cm 2.
 
of screen, and 20570
 excess platinum was used for a projected 10 mg/cm2. 
These electrodes had approximately 3-7 mg/cm 2
 of platinum. Electrodes 
TR-3A and TR-4A were sintered at 260°C and showed extremely low per-
formance; subsequently, electrodes TR-313 and TR-4B, sintered at 310°C, 
showed improved performance. Electrodes TR-6, TR-7 and TR-8 were also 
sprayed on 36cm2
 screens with 2070
 excess platinum but with the following 
changes in technique: Cab-o-SiL was added to the platinum-Teflon mix on a 
1:1 volume ratio. Since this extended the liquid volume and produced a 
thicker spraying mix, continuous drying was employed. These electrodes 
had a good uniform physical appearance and loadings (8-10 mg/cm2) were 
closer to the projected loading. However, the Cab-o-SiL may have had an 
adverse effect on the wetting characteristics of the electrodes. The 
S
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electrodes were sintered at 285°C, since 260°C seems to be on the 
borderline of the critical minimum sintering temperature. The 
influence of sintering temperature is considered in more detail below. 
(2) Spreading Technique 
It has been found that spraying produces 
the most uniform distribution of catalyst but does not work well with a 
small quantity of material. The spreading process (spreading a thick 
paste with a spatula) lends itself better to small quantities but usually 
does not yield uniform electrodes. Electrode TR-5 was made in this 
manner on 8 cm  of screen starting with no excess material; 1370
 of the 
material was lost.
(3) Brushing Technique 
Electrode TR-9 was made by applying a 
paste with a small brush to 12 cm  of screen mounted on a portable -jig 
for weighing "in situ. " An excess of 10070
 was used in order to work 
is	 with a paste of the same consistency throughout application. The per-
formance of the electrode was exceptionally high, surpassing all previous 
runs. This method, however, has proved to be of limited application, being 
restricted to very finely divided catalysts. 
(4) Rolling Technique 
Electrode TR-10 was made by forming the 
platinum-Teflon into a rubbery dough and rolling it between Teflon sheets 
over the defined area of screen. This electrode was not made specifically 
for this program and consequently did not have a 10 mg/cm 2
 loading. It 
has been found that the rolling method produces uniform electrodes with no 
loss of material, but they show comparatively low performance. No 
duplication of runs has been made. 
The results are summarized in Fig. 69. The variation in perfor-
mance was assumed to be mainly related to sintering temperature. This 
was examined as described below.
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2. Effect of Sintering Temperatures 
A number of electrodes cut from a single sheet of electrode 
material prepared by the spray method were sintered at 250°C, 275°C, 
300°C, and 325°C for five-minute and fifteen-minute intervals. The sin-
tering temperatures in these experiments were accurately defined. In 
previous work the thermocouple controlling the sintering furnace was 
influenced by radiant heat. Since the electrodes were effectively shielded 
from the radiant heat by aluminum foil, the true sintering temperature 
was some 26° lower than that registered on the controller/indicator. 
The two electrodes sintered at 250 0 C were not hydrophobic and 
were not tested. On the basis of these results summarized in Table XVII 
the sintering technique was improved and made more reliable and the 
optimum sintering conditions (for platinum) defined as 275°C for 15 minutes. 
Results obtained under these conditions compare favorably with the best 
previously reported for electrodes prepared in the same way. The change 
in real surface area during this sintering process at 275°C was measured 
by a BET technique. The figures before and after sintering were 22. 6 m2/g 
and 15. 6 m2/g respectively; the platinum black from which the electrodes 
were prepared had a surface area of 29. 0 m2/g. 
3. Carbon and Graphite Electrodes 
The performance of carbon and graphite powders were initially 
of interest as a basis for comparison of metal carbides. They also present 
a good opportunity for studying techniques of preparing high surface area 
electrodes, because of the wide range of samples available with such dif-
ferent physical properties as bulk density and surface area. They were 
consequently used to examine the influence of PTFE/catalyst ratio on per-
formance. The bulk densities of the catalysts were measured to discover 
if a better correlation could be made in terms of a volume rather than a 
weight ratio. The following samples were examined; graphite with 22. 570, 
2570 , 27-.570 , 3070 , 3570 , 4070
 PTFE content and acetylene black with 4570, 
5070 , 6070 , 7070
 PTFE content. A summary of performance is given in 
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TABLE XVII

Effect of Sintering Time and Temperature 
E 950 m	 E = 900 m 
250°C	 --------------not tested -------------------------
275° C	 5 min i = 4 5 ma/cm2 
15 min 28 242 
300°C	 5 min 5 10 
15 min 18 130 
325°C	 5 min 20 214 
15 min 25 230
Table XVIII.The optimum PTFE contents were deduced to be 27. 5570 for 
graphite and 5070
 for acetylene black, although the curves showed fairly 
flat maxima so that these figures are not too critical. 
The bulk densities were measured after vibration and 
after centrifuging. Each method is reproducible to about 570 , but as can 
be seen from Table XIX , the agreement between the two methods is not 
good. This is not an unusual occurrence in the determination of bulk 
densities, since the particle shape factor has a different effect in the 
various methods of measurement (31) . The data available to correlate 
bulk density and PTFE content are shown in Fig. 70. It is apparent that 
the correlation is a useful guide and that the centrifuging method gives the 
more consistent data.
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S
Performance as a Function of VFFE Content 
Graphite 20 22.5 25 27.5 30	 35	 40 
Current at 800 my - - - - 9 7 22.2 5	 61	 4 
Current at 600 my - - - - 44.5 78 95.5 68	 26.6
	
22 
Acetylene Black 45 50 55 60 7() 
Current at 800 my 2.4 7 5 4 3 
Current at 600 my 21.4 94.5 .	 45 48 42 
To FT'FI 
ma/ cm2 
ma/ cm2 
To
 
VTFE 
ma/ cm  
ma/ cm  
TA BLEXVIH
TABLE XIX 
Bulk Density Measurements 
. 
Bulk Density (gm/ cc) 
Material Vibration Centrifuge To PTFE 
Acetylene black 0.125 0. 130 50 
Graphite 0.350 0.425 27.5 
Engelhard Pt black 0.540 0.435 30 
Carbon #7706 0.940 0.735 .	 20 
Carbon #8946 , 0.830 0.580 20 
N13C 0.689 0.927 10 
Ni3C + CO2C 0.814 0.780 10
S
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4. Electrode Preparation 
Electrode fabrication consisted of the mixing of the catalyst 
(after induction or exposure, see below) with a dispersion of PTFE 
(DuPont, Teflon 30) in a known weight ratio. This mixture was pasted on a 
nickel screen (100 mesh) to produce an electrode of 6 cm  area. The elec-
trodes were dried in a vacuum oven at 100°C and subsequently sintered in a 
stream of N2
 at 275'C. Several test electrodes of 1 cm  area could be cut 
from the sintered structure. 
5. Electrochemical Testing 
The fabricated electrodes were tested in a floating electrode 
cell configuration (Fig. 71) in 3570
 KOH at 75°C using as reference a 
dynamic hydrogen electrode. Current-voltage curves were determined under 
potentiostatic conditions using the following procedures. The electrode made 
contact with the electrolyte at a controlled potential of 1000 my ; the potential 
was almost immediately reduced to 850 my
 and the current noted. The 
current was measured again after five minutes, the potential was adjusted 
to 750 my , and the current measured as before. The current voltage curve 
was then determined at 50 m y
 intervals, each held for 5 min in the sequence 
750 my -, 400 my - 850 my. For the cobalt and nickel-cobalt alloys the 
procedure was modified to include an anodic induction at 1600 m y
 for 10 mm. 
The anodic pretreatment induction should produce complete oxidation of the 
surface and effectively reduce the corrosion rate during oxygen reductions 
particularly with the cobalt catalysts. In the case of the nickel-cobalt alloys, 
the high pretreatment potentials (which may be imagined as being equivalent 
to heating in an oxidizing atmosphere) could contribute to the formation of a 
surface spinel (NiCo 2O4 ), reported (32) to exhibit good conductivity and 
catalytic activity for oxygen reduction. The complete E (i) curve 850 my 
400 my
 - 850 my was measured as before. 
Further modifications to the technique were introduced when experi-
ments described in detail below showed that the activity of these electrodes 
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varied with time in an unusual manner (see Fig. 72). The current at 
constant potential initially increased, then remained constant for a 
period of time before decaying to a constant value somewhat below the 
initial current. 
In order to compare the catalytic activity of individual samples, 
it was obvious that the measurements had to be made at identical points 
on this time curve. Since this behavior must be related to the surface 
oxide, two factors probably need to be taken into account: the total time 
the catalyst was exposed to air before testing (whether inducted or directly 
exposed) and the total time of exposure to electrolyte during tests. 
After the initial examples the first factor was easily eliminated 
by preparing each electrode individually and testing as soon as possible 
(usually within 24 hours). Total contact time with the electrolyte was 
more difficult. If the fabricated electrodes were fully reproducible, 
complete information could have been obtained by measuring first a 
decay curve on one electrode and then the E (i) characteristic on another. 
Since good reproducibility cannot be guaranteed with PTFE bonded electrodes, 
the approach adopted was to make several successive determinations of the 
E (i) curve sufficiently rapidly to display the pattern of the activity change 
with time. This necessitated the use of a slow potential sweep method. 
After preanodization the electrode was subjected to a 100 mv/min potential 
sweep between 1000 m y
 and 400 my. A complete curve of increasing and 
decreasing potential could then be obtained in about ten minutes. The sweeps 
were continued until the pattern of increase and decrease in current at a 
particular potential was observed; the tabulated values (see below) represent 
the highest observed activity. A careful comparison was made of the manual 
and sweep methods to ensure that the E (i) curves were equivalent. 
C. Material Handling 
The materials were delivered in sealed containers under an atmos-
phere of CO2 ; the first process was to divide the sample into eight approxi-
mately equal lots. The subdivision was carried out in a glove box in a 
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nitrogen atmosphere; the individual samples were contained in plastic 
snap top bottles that were further sealed in paraffin wax as the bottles 
were brought out of the inert atmosphere. A freshly prepared sample 
of Raney nickel was subjected to exactly the same procedures as the 
Bureau of Mines t
 materials up to the stage of wax sealing. The Raney 
nickel was then exposed to air and on each occasion the sample was 
pyrophoric, indicating the effectiveness of the glove box in each case. 
(The surface of Raney nickel is easily passivated by exposure to very 
small amounts of 02 and becomes nonpyrophoric.) 
Also, during the subdivision of the samples, the resistance of 
the powder was measured. The sample was contained between two pieces 
of Pt foil by an 0 ring 1/2 0. D. and 5/16" I. D. The sample was then 
compressed at constant pressure in a jig using a torque wrench 
(Sturtevant Model F-21-1 at 15 inch pounds) and the resistance measured. 
The resistance of exposed and inducted samples was measured in an 
attempt to measure the need for, or the effectiveness of, the induction 
procedure. The method was only used to determine major changes in 
conductivity (see below). 
D. Induction Methods 
In a finely divided state (BET surface areas in the range 10-27 m2/g) 
many of these materials were pyrophoric. Pyrophoric oxidation probably 
results in the complete oxidation of the sample and, for finely divided 
materials, the loss of a large proportion of their surface area. Special 
techniques were developed to induct the materials prior to exposure to 
oxygen during electrochemical testing. The basis of these techniques was 
to carry out the initial oxidation process as slowly as possible. Thus it 
was hoped to limit the extent of oxidation and any significant increase in 
temperature to avoid appreciable loss of surface area by sintering. Some 
loss of surface area of the catalyst could also be expected from the heat 
treatment of the electrode to sinter the PTFE. This factor was examined 
simultaneously with the development of the induction procedure. The 
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E
induction procedure was based on the fact that the rate and extent of 
the initial oxidation of the surface was thought to be dependent on how 
and at what stage of the electrode fabrication process the catalyst was 
first exposed to air. 
The experiments carried out are detailed in Table XX . The 
effect of exposure to air when covered with methanol or water is 
believed to produce slow oxidation of the surface, either by reaction with 
dissolved 0 or by progressive exposure to air during evaporation of the 
liquid layer. Elvax (a duPont polyvinyl resin) was substituted for PTFE as 
a plastic binder in the tests to investigate the effect of sintering. Elvax 
electrodes were prepared by dissolving the appropriate quantity of the 
resin in trichioroethylene at 70-80°C; after cooling to 35°C, the catalyst 
was added and the mix distributed on a nickel screen. The electrodes 
required no sintering and were tested after evaporation of the residual 
solvent. The results obtained with Elvax bonded Pt electrodes were 
equivalent to some of the better results obtained with PTFE bonded Pt 
•	 electrodes, indicating that this was an effective method of catalyst testing. 
The life of the Pt electrode was, however, limited to about two hours, 
probably due to oxidation of the Elvax under the test conditions (3570
 KOH 
at 75°C). The life of Elvax-bonded electrodes prepared from the inter-
stitial compounds was somewhat longer (3-4 hours). Other plastic binders 
are being examined in order to obtain longer lived electrodes. 
The main conclusion drawn from these experiments was that care-
ful induction of the catalyst produces a more active electrode and also that 
resistance measurements as described earlier on the dry powder are not 
sensitive enough to relate to activity. 
The electrodes made with PTFE, in which the catalyst was exposed 
to air in the first case (#3, Table XX ) after sintering and in the second 
case (#4, Table XX ) before sintering, showed no signficant difference. 
Both were comparable to electrode #1(i) made with Elvax. However, this 
.
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. TABLE XX 
Inducting Methods For Catalysts 11-C
Activity 
ma/cm2
 at 600 
ELVAX ELECTRODES 
1. Electrode made in N2 then 
(i) Exposed to air slowly
	 10 
(ii) Exposed to air in water	 4 
(iii) Exposed to air in methanol
	 4 
2. Catalyst inducted by 
(i) Exposure to air slowly	 Electrodes	 10 
(ii) Exposure to air in water
	 made in	 3 
(iii) Exposure to air in methanol
	 air	 32 
FTFE ELECTRODES 
3. Electrode made and sintered in N 2	 10 
4. Electrode made in air sintered in N2	 12
using catalyst 2 (iii)
L--1j
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cannot be regarded as a conclusive indication that the sintering process 
is not detrimental, since the test was not conducted with the catalyst 
in its most active form. 
The induction method was further refined by the use of the 
following techniques: 
(1) Slow oxidation in the gas phase 
(2) Extension of the liquid phase induction in methanol 
to a sequence of organic solvents (petroleum, ether, 
diethyl ether, aceton and methanol), a sequence in 
which the reactivity and solubility of oxygen increases. 
The slow gas phase oxidation was carried out by the Bureau of 
Mines with a second sample of material 11C. Three samples of 11C 
were supplied: an untreated sample, one that had been oxidized in 0. 170 
02 in N 2
 for 100 hours at room temperature, and another in 170 02 in N2 
for 100 hours at room temperature. All were tested as Elvax bonded 
•	 electrodes and compared with further samples that had been subjected to 
the liquid phase induction described above. The details of the tests and 
the results are presented in Table XXI. The uniformity of the results 
(all except one produced close to 20 ma/cm2
 at 600 my) indicates that all 
attempts, both at Tyco and at the Bureau of Mines, to induct this material 
were of no consequence. This is in direct contrast to the results reported 
previously. Further, the activity of the uninducted sample A is higher than 
previously observed, suggesting that the surface was in some way conditioned 
prior to the induction processes. The improved efficiency of the extended 
liquid phase induction process was demonstrated by the induction of the 
original sample of 11C to produce an activity of 40 ma/cm 2
 at 500 my ; this 
compares to 33 ma/cm 2 observed with simple methanol induction. 
The induction method for the protection of the activity of Raney nickel 
described in German Patent 1, 185, 589 (Doehren and Jung to Varta Petrix-
Union G. m. b. H.), in which the catalyst was immersed in a polyhydric 
alcohol such as ethylene glycol, was not successful for induction of 
catalyst I.I.C. 
S
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E. Results 
A complete listing of the activity of the interstitial compounds was pre-
sented in Table XVI (p. 129). The electrodes are described by identification 
numbers - the first number and letter, e. g. 2C, corresponds to the Bureau 
of Mines' identification number of the catalyst. The italic number in 
parenthesis describes the electrode preparation, i. e. 2C (ii), and the final 
letter identifies the test (e. g. 2C (ii)a and 2C (ii)b are tests carried out on 
separate samples cut from electrode 2C (ii). The tables also record the 
induction of the catalyst, and the nature and amount of the plastic binder 
used. The activity is presented as the current density at selected potentials. 
The less active materials (mainly Fe interstitials) are compared at 600 my; 
most others are compared at 750 m y, with additional figures at 900 m y for 
those catalysts containing Ag, Au, or Pd. When two figures are quoted, 
these are the current densities for increasing and decreasing potentials 
respectively. These can differ due to differences induced in the oxide films 
at the lower potentials (minimum potential for these tests was 400 my). 
In the case of Ni interstitials, it was noted that the pattern of activity was 
an initial increase, followed by a plateau of steady current and steady decay. 
To insure that peak activity was recorded in these cases the repetitive 
potential sweep method described earlier was used. The results obtained 
by this method are identified in Table XVI. 
Brief details of the preparation of each sample are given in Table XXII. 
Complete information and experimental techniques are documented in the 
Bureau of Mines' Reports, Q-1 to Q-4. (33) 
F. Discussion 
The results obtained for the interstitial compounds of iron were 
disappointingly low. The highest activities were 53 and 58 ma/cm2
 at 600 my 
vs. RHE for samples SN and 6N.
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	 TABLE XXII (Contd.) 
Preparation of Carbides 
Carbiding gas ---------CO 
•	 Hourly space velocity - 100 
Chemical analysis, 
Duration of weight percent 
Run
1/ carbiding, Temperature, Total Free No. Charge— hrs. °C C C 
25C PAL-i 13 170-225 
(iNi-iCo) 216 250 9.78 6.18 
26C RAL-2 13 170-228 
(iNi-3Co) 144 250 8.86 4.86 
27C R.AL-3 13 170-225 
(3Ni-lCo) 144 250 9.33 7.48 
29C RAL-4 5 170-230 
(lNi-3Ag) 104 250 1.21 0.7 
30C RAL-5 6 160-220 
(lNi-lAg) 102 250 2.31 1.12 
60-250 mesh 
31C RAL-5 6 160-220 
(iNi-lAg) 100 250 2.04 1.06 
32C RAL-6 5 160-220 
(3Ni-lAg) 102 250 3.42 0.8 
33C RC-1 26 160-240 
(Raney Co) 72 250 3.59 0.54 •
34C RAL-9 5 160-220 
(3Co-lAg) 105 250 4.67 1.75 
35C RN-2B2 22 160-220 
(Raney Ni) 72 250. 10.78 6.55 
36C RNL-4 11 160-220 
(Raney Ni, '4nesh) 72 250 
38C RAL-7 6 160-220 
(iCo-3Ag) 100 250 1.82 0.72 
39C RAL-8 13 160-230 
(iCo-iAg) 100 250 2.56 0.66 
40C RAL-10	 •. 13 160-230 
(iNi-iCo-lAg) 100 250 0.84 0.33 
41C PAL-li 22 160-220 
(lNi-lCo-lAu) 102 250 
42C PAL-i	 • 21 160-220 
(iNi-iCo) 101 250 
43C RAL-5 4 160-250 
(lNi-lAg) 102 250 
44C RAL-12 4 160-250 
(111i-lAg-lAu) 103 250 
1/ Mesh size 150-250, unless otherwise stated. 
S
* Taken from Bureau of Mines Quarterly Report - Contract No. NASW 12300 
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TABLE XXII (Contd.) 
Preparation of Carbides 
Carbiding gas: CO 
Hourly space velocity: 100 
Chemical analysis, 
Duration of weight-percent 
Run carbiding, Temp., Total Free X-ray 
no. Charge.Y hrs. °C C C analysis 
5 160-250 
53C lNi-lAg 102 250 
106 260 1.92 0.12 Ni3C, Ag 
6 160-250 
56C Ni 102 250 0.94 0.20 
36 260 Ni3C, Ni 
6 160-250 
57C lNi-lPd 37 250 
103 260 1.19 0.95 
59C Co 5 160-250 100 250 CO2C 
1/ Reduced precipitated/coprecipitated hydroxides. 
Space velocity of CO: 100 hr 
Run Duration of Temp, 
no. Charge carbiding, hrs °C 
45C lCo-lAg-lAu 4 160-250 
104 250 
46C 3Ni-lAg 6 160-250 
101 250 
55C lNi-lPd 4 160-250 
106 250
.
* Taken from Bureau of Mines Quarterly Report - Contract No. NASW 12300 
- 171 - 
C 
.
TABLE XXII (Cont.) 
.
	 Preparation of Nitrocarbides 
Nitriding gas -------------- N113 
-	 Temperature --------------- 260°C 
Hourly space velocity ----- 1000 
Chemical analysis, 
Duration of weight-percent 
Run nitriding, Total Free 
No. Charge hrs N C C 
11NC 19C 15 1.08 
(Ni 3 , trace of Ni) 
12NC 20C 39 0.90 5.33 2.50 
(CO2C, a-Co, Cub. Co) 
13NC 26C 48 0.92 8.88 4.50 
• (Carbided lNi-3Co) 
15NC 27C 48 1.01 9.30 6.38 
(Carbided 3Ni-lCo) 
16NC 25C 48 0.87 9.45 6.46 
• (Carbided lNi-lCo) 
17NC 29C 48 
(Carbided lNi-3Ag) 
18NC 30C 48 
.(Carbided iNi-lAg, 60-250 mesh) 
19NC 31C 48 
(Carbided iNi-lAg, 150-250 mesh) 
20NC 32C	 • •	 58 
(Carbided 3Ni-lAg) 
21NC 33C 48 
(CO2C, a-Co) 
22NC 34C 48 
(Carbided 3Co-lAg) 
23NC 35C 48 
(Ni3C) 
24NC 36C 48 
(Ni3C, <250 mesh) 
25NC 38C 48 
(Carbided lCo-3Ag) 
26NC 39C 48 
(Carbided iCo-lAg) 
27NC 40C 48 
(Carbided lNi-lCo-lAg) 
28NC 42C 48 
(Carbided lNi-lCo) 
29NC 41C 48 
(Carbided lNi-lCo-lAu) 
3ONC 44C 
(Carbided iNi-lAg-LAxi) 
•
* Taken from Bureau of Mines Quarter ly Report - Contract No. NASW .12300 
After the initial low results with the carbides, the testing method 
was examined closely to eliminate all possible steps in the process that 
could be detrimental. These were the oxidation of the catalyst surface and 
the possible sintering of the catalyst at the "curing" temperature of PTFE 
bonded electrodes. The experimental approach to these problems was des-
cribed in the previous section, together with an assessment of their effec-
tiveness. For the testing of the nitrides, carbonitrides, and nitrocarbides, 
all the electrodes were prepared by the preferred method using an inducted 
catalyst with Elvax as a binder. In addition, several uninducted samples 
were tested and occasional electrodes were prepared with PTFE. The results 
were uniformly bad with only one electrode showing a current density> 10 
ma/cm2. This electrode 2 NC (ii)a showed an activity of 68 ma/cm Z
 on 
first test, but this figure was not reproduced in a subsequent test. Though 
this activity represents the best observed for this class of materials, it does 
not approach the activity required of a practical catalyst. The general 
picture of activity for these materials, though not clearly defined, is 
nitrides > carbonitrides > carbides > nitrocarbides. Except where noted 
in Table XVI, these materials did not show significant currents under N2. 
Prolonged exposure to air (after induction) for several days was found to have 
an adverse effect on performance. 
Poor physical structure of the catalyst, particularly in the form of 
pore size distribution, could contribute to the low activity shown by these 
electrodes, but it is unlikely that a substantial increase in current density 
could be expected even if this were improved. The results are considered 
to be a reliable guide to the activity of the iron interstitials, and it must be 
concluded that these materials do not meet the requirements for a practical 
catalyst of the reduction of oxygen in a basic electrodes. 
Three catalysts prepared by the coprecipitation of Fe(OH) 3
 and A 92 
showed relatively high activity, particularly for the two high Ag content 
materials (92 and 59 ma/cm 2 ). This is most probably related to the silver 
content. The nitride and carbonitride forms of these catalysts showed lower 
activity 20 ma/cm2
 and 11 ma/cm 2
 respectively, probably due to the 
adverse effect of the heat treatment associated with the nitriding and carbiding 
processes.
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The carbides of nickel, and nickel cobalt alloys were in general, 
more active than were the iron compounds. The best activity of a series 
of tests with Ni3C (19C(v)) was 94 ma/cm2
 at 600 my. This does not 
compare with the activity obtained with catalysts prepared by decomposition 
of nickel acetate which give currents in excess of 300 ma/cm 2
 at 600 my 
(as discussed below). Cobalt carbide (20C) showed lower activity coupled 
with substantial corrosion (electrolyte became blue), preanodization at 
1600 my
 for 10 mins reduced the extent of corrosion but did not result in 
improved activity. 
The carbided nickel cobalt Raney alloys (25C, 26C, 27C) showed 
activities in the range 20 to 70 ma/cm 2
 at 600 my , the order of activity being 
3 Ni/Co > Ni/Co > 3 Ni/Co. All these materials were preanodized at 
1600 my. Conditions that could give rise to the formation of the nickel cobalt 
spinel at the surface improved conductivity and enhanced catalytic activity, 
as has been reported for the spinel. The nitrocarbides of nickel and cobalt 
11 NC, 13 NC, 15 NC, 16 NC showed activity of the same order of magnitude 
as that of the carbides, though in the case of the nickel cobalt alloys the 
observed order of activity was Ni/Co > 3 Ni/Co > Ni/3 Co. It should also 
be noted for the uncarbided Raney nickel cobalt alloys (RAL 1, 2 and 3) the 
activity was, in the same range, the Ni/3 Co alloy giving 60 ma/cm 2
 at 600 my. 
For the Raney alloys the activity pattern was Ni/3 Co > Ni/Co = Ni/3 Co. 
•	 In view of the demonstrated capabilities of Ni 3C catalysts prepared 
from the acetate, the much lower activity of the alloys prepared from the 
Raney alloys was unexpected. X-ray characterization showed the catalysts 
from both sources to be very similar (Fig. 73). The acetate material had a 
higher free nickel content; the Raney material was obviously composed of 
smaller crystallites as evidenced by the line broadening of the X-ray pattern. 
The difference in activity can most probably be attributed to differences in 
the physical structure of the catalysts prepared by the two methods. A 
second sample of Ni3C (36C) was prepared from the Raney alloy pulverized 
to < 250 mesh, to check whether gross particle size could affect electrode 
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performance. The results, a maximum activity of 30 ma/cm 2
 at 
600 my , were not encouraging. Sample 50C represented an attempt 
to carbide a Ni/Co alloy obtained by decomposition of nickel formate 
and cobalt acetate. The activity was still very low (33 ma/cm 2 ), but a 
second sample carbided at a lower temperature showed considerable 
improvement at 125 ma/cm2
 at 600 my. Further experiments are in 
progress at the Bureau of Mines in which the temperature of carbiding 
will be further reduced and the carbiding time shortened. 
Several catalysts were prepared in which gold, silver and palladium 
were added to the Ni and Co. The performance of these catalysts them-
selves and as carbides was, in some cases (e. g. 44C), very good. Probably 
this is due to the activity of the precious metal itself, though the presence 
of the precious metal could improve the utilization of the nonnoble metal 
component by providing a lower resistance current path in the electrode 
structure. In these cases the structure of the Raney alloy catalyst was 
capable of supporting limiting currents of 350 ma/cm 2
 (44C (ii) but this 
•	 could easily be adversely affected by the carbiding process. Carbided 
porous nickel plaques were used for three tests on Ni 3C (28C). This 
electrode configuration gives a high surface area catalyst without the 
possibility of the high resistance that could occur with the particle-to-
particle contact of the highly dispersed catalyst. The difficulty in testing 
these electrodes is to establish the gas electrolyte interface throughout the 
electrode structure. In the results reported, this was attempted by partial 
wetproofing, with PTFE dispersion, so that the electrodes could be run in the 
floating electrode cell. The recorded performance shows that the attempt to 
produce an extended interface was not very successful. The material will be 
tested in a conventional fuel cell configuration with a matrix electrolyte. 
This test equipment is presently under construction. Under these conditions 
the pressure differential between the electrode and the electrolyte can be 
varied to obtain optimum performance. 
The unusual decay pattern associated with the activity measurements 
on nickel and nickel cobalt catalysts was described above. A tentative 
explanation for this can be given as follows:. 
^j
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Initially, in addition to the cathodic reduction ofthere is a 
simultaneous anodic process associated with further oxidation of the 
surface. This falls rapidly to a low value when the surface is completely 
covered and produces an apparent increase in the net cathodic current. 
The oxygen reduction process is assumed to occur on the oxide surface 
and not on the bare metal. (However, it is surprising that the surface 
oxidation is not complete during pretreatment of these electrodes at 
1600 my
 for 10 mm.) The decay process that was then observed may be 
related to an increase in the resistance of the electrode. The operation of 
PTFE bonded electrodes depends on good electrical conductivity between 
individual catalyst particles, and since conductivity of the oxide is con-
siderably lower than that of the metal, the electrode resistance increases. 
The points or faces of contact probably oxidize more slowly than the exposed 
surfaces, so that this process would not be complete within the time span of 
the surface oxidation responsible for the apparent increase in current 
described above. 
is
	
	 The above argument suggests that some of the iR corrections made 
to the earlier results might be too large. The ohmic resistance was 
measured by the interrupter technique (resolution time 0. 2 j.zsec.). The 
over-all resistance measured for the nickel and nickel cobalt electrodes 
is approximately twice that measured with a Pt electrode, indicating a 
significant contribution from the resistance of the electrode. This resistance, 
in contrast to the bulk electrolyte resistance, is inevitable in the practical 
operation of the electrode and may not be a valid experimental correction of 
the E (i) curve. The over-correction, about 0. 6 Q or 60 m y
 at 100 ma/cm2, 
is important only for those electrodes with high activity. In the results 
presented in Table XVI (page 129), this factor has beén taken into account. 
S
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II. NICKEL CARBIDE PREPARED BY ACETATE DECOMPOSITION 
A. Introduction 
Several samples of Ni 3C and Ni/Co carbide were prepared at Tyco 
by thermal decomposition of nickel and cobalt acetates in N , according to 
the method of Liecester and Redman . The initial experiments based on 
this method were to a large extent responsible for the interest in the survey 
of interstitial compounds, described above. 
B. Experimental 
The acetate crystals were first dehydrated by heating to 100°C on a 
hot plate for 1 hr. The thermal decomposition *was carried out in a furnace 
with N2 flowing over the sample. The times and temperatures of decomposi-
tion of the active samples is listed in Table XXIII.
	
The inactive samples, 
many of which were prepared under conditions apparently identical to the 
active catalysts, are not listed. For the Ni/Co alloy carbides the starting 
material was either a solution of the acetates evaporated to dryness or the 
crystals ground together in a pestle and mortar. 
The method of electrochemical testing was identical to that reported 
for the Bureau of Mines' catalysts. 
C. Results 
The best result obtained with Ni C catalysts was an activity of 
100 ma/cm at 750 m y vs. RHE, with a limiting current> 300 ma/cm 
Figures 74, 75, and 76 show the current voltage curves of the most active 
catalysts. Other results are presented in summary form in Table XXIII. 
For the nickel cobalt catalysts (Ni 3C + Co2C) activities of 45 and 105 ma/cm2 
were measured at 750 m y vs. RHE. The latter electrode showed a limiting 
current greater than 350 ma/cm 2. Ten samples of Ni C and two samples of 
Ni/Co carbide showed very low activity 'L < 50 ma/cm ). 
.
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D. Discussion 
The observed activities of these catalysts are very encouraging. 
However, the irreproducibility of the performance of electrodes and 
catalysts prepared in an apparently identical manner is difficult to explain. 
Where variations do exist in terms of the preparation of the catalysts 
method of induction, or electrode fabrication, no logical pattern was 
observed. It is possible that in the preparation of the catalyst the position 
of the sample in the furnace or the gas flow rate may be critical. These 
factors were not rigidly controlled. 
The discrepancy between the best results obtained with these 
catalysts and nickel and nickel cobalt carbides prepared by the Bureau of 
Mines is of greater significance and can probably be related to physical 
differences between the catalysts. The main difference is probably that 
of pore structure, which is of considerable importance in the efficient 
operation of the PTFE bonded electrode. 
.
. 
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III. NICKEL NITRIDE 
Only one successful preparation of nickel nitride was made. This 
was based on the reduction of carbonyl nickel in H 2 at 450'C for 24 hrs 
followed by nitriding at 300'C with NH  for 48 hours. X-ray measurements 
showed 5870 Ni3N. Five other attempts to reproduce this preparation were 
unsuccessful. 
The activity of the Ni N + Ni catalyst as a PTFE bonded electrode 
was quite low (16 ma/cm at 600 m y vs. RHE). 
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